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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York ® Akron ® Chicago ® Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 
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BEST WAY TO ABSORB SHOCK! 


Enjay Butyl, because of its higher damping factor, absorbs 
shock energy more completely than any other rubber. Through 
simple variations in compounding or processing, you can build 
the right degree of resiliency for your requirements. Buty] is 
the ideal rubber for motor mounts, load cushions, sound dead- 
ener insulation, axle and body bumpers—and other shock, 
noise and mechanical-vibration applications. 
Buty] also offers outstanding resistance 
to weathering and sunlight . . . chemicals 
. «. heat ... abrasion, tear and flexing 
. + unmatched electrical properties and 
Butyl’s superior shock-absorption impermeability to gases and moisture. 
ee eee et ane Find out how this versatile rubber can 
pared with other rubbers. improve your product. Call or write the B U T Y L 
Enjay Company, today! 
Pioneer in Petrochemicals 
ENJAY COMPANY, ING., 15 West Sist Street, New York 19, N. Y. 
Akron» Boston * Charlotte « Chicago * Detroit» Los Angeles* New Orleans * Tulsa 


Second-class postage paid at Lancaster, Pa. 
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| PHILBLACK’* PRIMER | 








(even under severe stress 
and strain!) 


Philblack E adds extra durability, strength and flex life to rubber. 
Recommended for premium passenger car treads, heavy-duty, off- 
the-road tires, track-type tractor treads, industrial hoses and belts. 
Your Phillips technical representative will be glad to advise which 
Philblack is best suited to your specific requirements. Call on him 

for expert assistance with rubber or carbon black problems. 
*A trademark 


LET ALL THE PHILBLACKS WORK FOR YOU! 





A Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, calen- 
dering, finish! Mixes easily. Disperses heat. Non-staining. 








Philblack 0, High Abrasion Furnace Black. For long, durable life. Good 
conductivity. Excellent flex life and hot tensile. Easy processing. 








I Philblack 1, Intermediate Super Abrasion Furnace Black. Superior abrasion. 
More tread miles at moderate cost. 








E Philblack E, Super Abrasion Furnace Black. Toughest black yet! Extreme 
resistance to abrasion. 











Rubber Chemicals Division, 318 Water St., Akron 8, Ohio 
District Offices: Chicago, Dallas, Providence and Trenton 
West Coast: Harwick Standard Chemical Company, Los Angeles, California 


Phill PHILLIPS CHEMICAL COMPANY 
WUDS 
Go 


Export Sales: 80 Broadway, New York 5, N.Y. Europ Office: Li i 70, Zurich 1, Switzerland 


q 
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If your product is made of rubber, either natural or 
synthetic, you should protect it from ozone. With 
UOP 88 and the newer UOP 288 you can completely 
eliminate ozone cracking. Don’t take chances with 
the salability of your product when it comes face to 
face with the potential customer. Don’t jeopardize 
repeat business with merchandise that cracks and 
deteriorates. Use UOP 88 or UOP 288—premium 
antiozonants for superior products. Write us for details. 





UNIVERSAL OIL 
PRODUCTS COMPANY 


oP} 30 ALGONQUIN ROAD 


DES PLAINES, ILLINOIS 
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DU PONT 
CHEMICALS and 
COLORS 


FOR THE RUBBER INDUSTRY 


DEPENDABLE IN PERFORMANCE .. . UNIFORM IN QUALITY 


ACCELERATORS 
Accelerator 89 
Accelerator 552 
Accelerator 808 
Accelerator 833 
Conac S 

MBT 

MBTS 


MBTS Grains 
NA-22 
Permalux 
Polyac Pellets 
Tepidone 
Tetrone A 
Thionex 
Thionex Grains 


Thiuram E 
Thiuram E Grains 
Thiuram M 
Thiuram M Grains 
Zenite 

Zenite Special 
Zenite A 

Zenite AM 
ANTI-OXIDANTS 
Akroflex C Pellets 
Akroflex CD Pellets 
Antox 


Neozone A Pellets 
Neozone D 
Permalux 


Thermoflex A Pellets 
Zalba 


MOLD LUBRICANTS AND 
DISPERSING AGENTS 
Aquarex MDL Aquarex SMO 
Aquarex ME Aquarex WAQ 
Aquarex NS 


AQUAREXES 


Aquarex D 
Aquarex G 
Aquarex L 


BLOWING AGENTS 

Unicel ND Unicel NDX Unicel S 
COLORS—Rubber Dispersed Colors 
Rubber Red PBD Rubber Green FD 

Rubber Red 2BD Rubber Blue PCD 

Rubber Yellow GD Rubber Blue GD 

Rubber Green GSD Rubber Orange OD 


ORGANIC ISOCYANATES 


Hylene* M 
Hylene* M-50 
Hylene* MP 


PEPTIZING AGENTS 


Endor 
RPA No. 2 
RPA No. 3 


Hylene* T 
Hylene* TM 
Hylene* TM-65 


RPA No. 3 Concentrated 
RPA No. 6 


RECLAIMING CHEMICALS 


RPA No. 3 


RR-10 


SPECIAL-PURPOSE CHEMICALS 


BARAK — Retarder acti- 
vator for thiazole accel- 
erators 

Copper inhibitor 65—In- 
hibits catalytic action of 
copper on elastomers 


ELA, ELA-N—Elastomer 
lubricating agents 


HELIOZONE—Sun- 
checking inhibitor 


NBC —Inhibits weather 
and ozone cracking of 
SBR compounds. Im- 
proves heat and sun- 
light discoloration resist- 
ance of neoprene stocks. 


RETARDER W 
Retarder-activator for 
acidic accelerators. Also 
an activator for certain 
blowing agents. 


*REG. U.S. PAT. OFF. 


DISTRICT OFFICES 
Akron 8, Ohio, 40 E. Buchtel Ave. at High St. . . 


Boston 10, Mass., 140 Federal St. 
Charlotte 1, N. C., 427 W. 4th St. 
Chicago 3, Ill., 7 South Dearborn St 
Detroit 35, Mich., 13000 W. 7-Mile Rd 
Houston 6, Texas, 2601A West Grove Lane. . . . 
Los Angeles 58, Calif., 2930 E. 44th St 
Palo Alto, Calif., 701 Welch Rd. 
Trenton 8, N. J., 1750 N. Olden Ave 
in New York call WAlker 5-3290 
In Canada contact: Du Pont Company of Canada Limited 


. POrtage 2-8461 
Atlanta, Ga., 1261 Spring St, NW... 2... TRinity 5-5391 
HAncock 6-1711 
FRanklin 5-5561 
ANdover 3-7000 
UNiversity 4-1963 
MOhawk 7-7429 
LUdlow 2-6464 
DAvenport 6-7550 
EXport 3-7141 


E. I. du Pont de Nemours & Co. (Inc.) 
Elastomer Chemicals Department 


MUG. u, 5, pat OFF 


Better Things for Better Living 
«+. through Chemistry 
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MILL SHRINKAGE TEST 


(Stock placed on cold mill, preset at .OSO" between rolis. After stock warmed. 
samples cut and permitted to cool) 





HARDNESS: 


80 
DUROMETER 





40 
DUROMETER 





0% 
CHEMIGUM 
N-8 


100% 
Polymer “A” 


25% 
CHEMIGUM 


N-8 
75% 


STOCK 
COMPOSITION: 











Polymer “A” | 





50% 
CHEMIGUM 


N-8 


50% 
Polymer “A” 


715% 
CHEMIGUM 


N-8 


25% 
Polymer “A” 


100% 
CHEMIGUM 


N-8 


0% 
Polymer “A” 














How to improve the run of your mill 


The samples above tell the story. Taken from a 
series of test mill runs, they graphically illustrate 
the superior processability of new CHEMIGUM N-8 
and how it can be used to improve the processing 
of other nitrile rubbers. 


CuEMIGUM N-8 is an intermediate acrylonitrile 
content copolymer and exhibits corresponding oil 
resistance and physical properties. It also exhibits 
very rapid mill breakdown and will form a smooth 
sheet immediately, even on a cold mill. 


By blending CHemicum N-8 with other nitrile, sty- 
rene or natural rubbers, processing characteristics 
and physical properties can be obtained which pre- 
viously were not possible. And, since it is stabilized 
with a nonstaining, non-discoloring antioxidant, it 
can be used in the most exacting color applications. 
For full details on unusual CHEMIGUM N-8, includ- 
ing the latest Tech Book Bulletins, just write to 
Goodyear, Chemical Division, Dept. V-9430, Akron 
16, Ohio. 


“~ GOODFSYEAR 


ea DIVISION 





ig T.M. The G 


ly Tire & Rubber Company. Akron, Ohice 
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QUALITY PRODUCTS for the RUBBER INDUSTRY 


General Tire’s Chemical Division is constantly aware of the needs 
of the rubber industry, and provides these specially-formulated 
products to meet those needs. Write or call for further information 
and generous samples. 


GEN-TACe Viny! pyridine latex. Assures excellent fabric-to-rubber 
adhesion using nylon or rayon cords. 


Latex-compounded masterbatch, 85% insoluble sulfur 

KO-BLEND @ colloidally dispersed in GRS latex. Cuts whitewall rejects 
and reworks . . . eliminates spots, streaks and 
batch softening. 


KURE-BLEND § 50 GRS—50 TMTD latex-compounded masterbatch. 
MTe Gives faster, more even dispersion, allowing full advan- 
tage of TMTD accelerator. Assures uniform cure, at no 

premium cost. 


GENTRO@ Top-quality cold SBR Polymers. 


GENTRO-JETe Cold and oil-extended black masterbatches, for easier 
processing and more efficient production. 


GEN-FLOe Styrene-butadiene, with balanced stabilization system, 
low odor, and excellent mechanical stability. 


ACRI-FLQ@ Styrene-acrylic, offering excellent adhesion, mechanical 
stability and UV heat and light stability. 


VYGENe 2 complete family of top-quality, versatile resins formu- 
lated to meet specific needs. 


THE GENERAL TIRE & RUBBER COMPANY 
CHEMICAL DIVISION ° AKRON, OHIO 
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ACCOSPERSE ° 
PIGMENT DISPERSIONS © 


PHTHALOCYANINE 
BLUE and GREEN 


CHROME 
YELLOW 


RED 


TITANIUM 
DIOXIDE 


CLARION 
RED 


BENZIDINE 
YELLOW 


LITHOL 


FOR A ned 
BROAD NAPHTHOL 
RANGE OF RED 
EYE-CATCHING 

COLORS AND WHITES... 

DEPEND ON 


CYANAMID PIGMENTS 


Whatever your aim in hue, you'll find it in Cyanamid’s line of pigments. 
You will also benefit from their excellent formulating properties. 


Call your Cyanamid Pigments representative for technical information 


and samples. 





—_CYANAMID —> 
AMERICAN CYANAMID COMPANY 


Pigments Division 
30 Rockefeller Plaza, New York 20, N. Y. 





Branch Offices and Warehouses in Principal Cities 
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SHihiditia Leder 


TEXAS CHANNEL BLACKS are the standard bearers 
to improved products and bigger profits. Used alone 
or in blends, TEXAS “‘E” and TEXAS ““M” offer many 
product-improvement features plus the possibility of 
lower compound costs. 


TEXAS BLACKS, made in the world’s largest plant 
devoted entirely to the production of channel black, 


have become the standards of more and more com- 
pounders and buyers. They use these blacks to make 


CHANNEL BLACKS their products and their company a standard bearer. 
® i 





Sid Richa cdson 


Cc AR B ON 
FORT WORTH, TEXAS 








GENERAL SALES OFFICES 
EVANS BUILDING 
AKRON 8, OHIO 
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REINFORCED WITH HI-SIL® 233, 
RESILIENT *RIPPLE® SOLE 
REGISTERS RESOUNDING RECEPTION 


RIPPLE® Soles, as displayed on these shoes by (left to right) Cardone & Baker, 
E. T. Wright, and Buster Brown, are available in red, chocolate, natural, grey, 
black and white. *TM—RIPPLE SOLE CORP. 


Beebe Rubber Company of Nashua, New Hampshire, is 
the licensed producer of the unique and increasingly pop- 
ular RIPPLE® Sole. Compound requirements are ex- 
treme; a combination of singularly good abrasion, tear, 
and flex life—with outstanding bounce and resilience. 

The “Vees” molded into the RIPPLE® Sole must re- 
bound from rough and rugged treatment, since only the 
limited area of their crowns constitutes the entire walking 
surface. It’s a job of reinforcement tailor-made for our 
Columbia-Southern Hi-Sil 233, which in Beebe’s judg- 
ment “‘just works out better in our compounds than any 
of the other reinforcers we'd tried.” 

Excellent physicals in brightly colored stocks are no 
longer a problem, with Columbia-Southern white rein- 
forcing pigments on the scene. If spectrum-spanning color 
can give your compounds a lift, we suggest you take a 
look at Hi-Sil 233, Silene® EF, or Calcene® TM, NC, or 
CO. Each is tops in its field . . . and should be in your 
formula book. 

For working samples, contact our nearest District Sales 
Office or write direct to Room 1929T at Pittsburgh. 

Columbia-Southern Chemical Corporation, One Gate- 
way Center, Pittsburgh 22, Pa. Offices in fourteen prin- 
cipal cities. In Canada: Standard Chemical Limited. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


A Subsidiary of Pittsburgh Plate Glass Company 
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MONSANTO RUBBER CHEMICALS ANSWER 
ANOTHER IMPORTANT COMPOUNDING QUESTION 


QUESTION: What delayed-action 
sulfenamide accelerators are my eastest- 
to-use, surest protection against scorch? 


ANSWER: New Santocure and 
Santocure NS “Briquettes’’ —actuat size 


Look how new BRIQUETTES of Santocure and San- 
tocure NS give you more plant—handling ease and 
convenience. Free—flowing BRIQUETTES won't pack, 
"bridge," and surge like dry powders—are ideal 
for automatic weighing or scoop handling. No 
weighing losses. No rolling! No sticking to the 
throat or ram of the banbury. Now, with maxi- 
mum ease of weighing and handling, you can be 
sure of the delayed-action, safer cures that 
the Santocures are known to give. 


Still the most popular and lowest cost, San- 
tocure was the first uniformly successful 
sulfenamide accelerator. Powerful Santocure NS 
gives even greater safety from scorch—up to 
10% less accelerator may be used for similar 
fast, flat curing rates. 


Whenever scorch problems threaten...from more 
rapid processing, higher temperatures, thicker 
sections, greater activation from reinforcing 
furnace blacks...try Santocure or Santocure NS 
BRIQUETTES. Write for sample and technical 
help in your application. 


LET MONSANTO RUBBER CHEMICALS ANSWER 
YOUR NEXT COMPOUNDING QUESTION 


Jot it down on the nearest sheet of paper and 

send it in with your return address. No obli- 

gation—no salesman will call (unless you so 

request). To help you solve specific problems, 

Monsanto draws from basic knowledge of more 

ALWAYS FLOW FREELY, than 85 rubber chemicals and over 18,000 con— 
BUT WON'T ROLL pounding studies. Write, today. 

SANTOCURE: MONSANTO T. M., REG. U.S. PAT. OFF. 














e ¢ © © «© © « © © « For sample, use handy coupon * * * * * * * * ¢ © « 


MONSANTO CHEMICAL COMPANY 
Rubber Chemicals Department, Akron 11, Ohio 


Please send me a sample of new 
[_] Santocure BRIQUETTES [_] Santocure NS BRIQUETTES 


we mi Monsanto 
COMPANY A 

ADDRESS : : 

CITY ZONE STATE Be ® 
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Low water absorption is one of the 


big advantages of Philprene 1503 





CURRENT PHILPRENE POLYMERS 





NON-PIGMENTED PIGMENTED WITH PHILBLACK* 





PHILPRENE 1000 
PHILPRENE 1001 
PHILPRENE 1006 
PHILPRENE 1009 
PHILPRENE 1010 
PHILPRENE 1018 
PHILPRENE 1019 





PHILPRENE 1500 PHILPRENE 1605 
PHILPRENE 1502 PHILPRENE 6611** 
PHILPRENE 1503 **Pigmented with EPC Black 





PHILPRENE 1803 PHILPRENE 6605 
PHILPRENE 1805 PHILPRENE 6608 
PHILPRENE 6604 PHILPRENE 6620 


PHILPRENE 1708 
PHILPRENE 1712 

















This specially finished rubber 
is recommended for wire and 
cable stocks, electrical goods, 
gaskets, and hard rubber prod- 
ucts where you need resist- 
ance to moisture. 

Phillips makes the largest 
variety of commercially avail- 
able synthetic polymers. Con- 
sult your Phillips technical 
representative to learn which 
Philprene will do the best job 
in your plant and your prod- 
uct. He has all the facilities of 
Phillips modern research and 
technical service laboratory to 
call on, for answers to your 
rubber problems. 


*A trademark 


PHILLIPS CHEMICAL COMPANY 
Phillips Rubber Chemicals Division, 318 Water St., Akron 8, Ohio 
District Offices: Chicago, Dallas, Providence and Trenton 
West Coast: Harwick Standard Chemical Company, Los Angeles, California 


Export Sales: 80 Broadway, New York 5,N.Y European Office: Limmatquai 70, Zurich 1, Switzerland 
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in Off-the-Road Tires 
CABOT VULCAN’6 ond VULCAN’? 


OFF-THE-ROAD TIRES require the cut-and-chip resist- 
ance of Cabot’s Vulcan 6 ISAF* or Vulcan 9 SAF** carbon 
blacks. For heavy duty tires that can withstand the roughest 
kind of off-the-road wear and tear, use Vulcan 6 or Vulcan 
9 in your rubber compounds. Both blacks are recommended 
for the manufacture of tires used in mining, logging, oil field, 
construction, and all other off-the-road operations where the 
going is “rough and tough.” 





CHANNEL BLACKS: Spheron 9 EPC Spheron 6 MPC Spheron C CC 

FURNACE BLACKS: Vulcan 9 SAF Vulcan 6 ISAF Vulcan 3 HAF = Vulcan XC-72 ECF 
Vulcan SC SCF Vulcan C CF Sterling 99 FF Sterling SO FEF Sterling V GPF 
Sterling L HMF Sterling LL HMF Sterling S SRF Sterling NS SRF Pelletex SRF 
Pelletex NS SRF Sterling R SRF Gastex SRF 

THERMAL BLACKS: Sterling FT Sterling MT Sterling MT-NS 











* Vulcan 6 Intermediate Super Abrasion Furnace Black 
** Vultan 9 Super Abrasion Furnace Black 


Free Samples, Technical Literature Available 


_ a _ 
CABOT. GODFREY L. CABOT, INC. 
> 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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EXPANDED... 
TO BETTER SERVE YOU 


New, Additional Research and 
Customer Service Facilities 








Our research and customer service facilities have been enlarged to help in our 
mutual search for new and improved products for the industry. These new 
facilities will enable us to expedite assistance in formulating and processing 
problems. Some of this equipment is to explore new areas of synthetic rubber and 
liquid polymer chemistry. 

Facilities have been added to develop urethane products with practical prop- 
erties. Our customer service laboratories, too, have been greatly expanded to meet 
the increasing number of requests for product evaluation. 

Skilled Thiokol technicians have at their fingers vast funds of specialized 
knowledge available to you. 

These facilities...this knowledge...is yours for the asking. FOR INFORMATION, 
write to: Thiokol Chemical Corporation, 780 N. Clinton Avenue, Trenton 7, N. J. 


Thiokol » 


PIONEER MANUFACTURER OF SYNTHETIC RUBBER 
THIOKOL CHEMICAL CORPORATION 
780 NORTH CLINTON AVE. - TRENTON 7, NEW JERSEY 


@®Registered Trademark of the Thiokol Chemical Corporation 
for its liquid polymers, rocket propellants, plasticizers 
and other chemical products. 
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ACCELERATORS 
THIAZOLES — 
M-B-T 
M-B-T-S O-X-A-F 
THIURAMS — 
MONEX*t —- TUEXt 
MORFEX ETHYL TUEXt 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE* — ETHAZATE*t 
BUTAZATE* METHAZATE*t 
ETHAZATE-50D 
ALDEHYDE AMINES — 
BEUTENE* HEPTEEN BASE* 
TRIMENE* = TRIMENE BASE* 


For 
Accelerators, 
Activators, 
Anti-Oxidants 


XANTHATES — 
C-P-B* 2-B-x* 
d ACTIVATORS 
anh VULKLOR DIBENZO G-M-F 
D-B-A G-M-F 
e ANTI- OXIDANTS 
p ¢ Gla AMINOX* B-L-E* 
ARANOX* B-X-A 
V-G-B* FLEXAMINE 


OCTAMINE* BETANOX* Special 
SPECIAL PRODUCTS 


Rubber 


BWH-|! SUNPROOF* Improved 
6 CELOGEN SUNPROOF* Junior 
CELOGEN-AZ SUNPROOF* —713 
Chemicals E-S-E-N SUNPROOF* Regular 
LAUREX* SUNPROOF* Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 

DDM— modifier 

THIOSTOP K&N — short stops 

POLYGARD — stabilizer Reg. U. S. Pat. Off. 


THE WORLD’S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
Latices 
Write, on your letterhead, for technical data 
or assistance with any Naugatuck product. 


fthese products furnished either in powder form or fast- 
dispersing, free-flowing NAUGETS. 


Ss Naugatuck Chemical US 


sour Division of United States Rubber Company 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 
performance. 











Naugatuck. Connecticut 


IN CANADA NAUGATUCK CHEMICALS DIVISION 
Dominion Rubber Company, Limited, Elmira, Ontario 
RUBBER CHEMICALS e SYNTHETIC RUBBER e PLASTICS e AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER e LATICES e Cable Address: Rubexport, N. Y. 
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Naugatuck NAUGAPOLS 
answer your 


problems in...... 


For products requiring 
excellent electrical properties 
and for those items designed for 
low moisture absorption, 
NAUGAPOL, butadiene-styrene 
copolymers, ‘Specially Processed” 
during the finishing operation, is the 
best obtainable. 














For technical data, information or assistance that will help you in process- 
ing of your rubber compounds, write to us on your company letterhead. 


Naugatuck Chemical 


Division of United States Rubber Company 
Naugatuck, Connecticut 





IN CANADA: NAUGATUCK CHEMICALS, Elmira, Ontario * Cable Address: Rubexport, N.Y. 
Rubber Chemicals * Synthetic Rubber * Plastics * Agricultural Chemicals * Reclaimed Rubber ¢ Latices 














RUBBER 
CHEMICALS 
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The need of compounders and development chemists for dependable infor- 
mation on commercial rubber chemicals is appreciated by the Rubber 
Chemicals Department at Cyanamid. The literature listed below has been 
prepared to meet the critical requirements of rubber manufacturers. 


ANTIOXIDANT 2246® 
The use of this powerful and non-dis- 


coloring antioxidant in various formu- 
las is described. (Bull. No. 815-B) 


ANTIOXIDANT 425® 
Contains information on the use of 
this premium grade antioxidant in white 
rubber stocks where minimum discol- 
oration is paramount. (Bull. No. 840) 


THIAZOLE ACCELERATORS—MBT and MBTS 
Formulating data as well as compound- 


ing characteristics are shown. 
(Bull. No. 839) 


Cypac* ACCELERATOR FLAKED 
Describes and gives data on this well- 
known accelerator (N-cyclohexy] ben- 
zothiazole-2-sulfenamide) now avail- 
able in flaked form. 


DeLtavYeD-ACTION ACCELERATORS 
NOBS® No. 1; NOBS® Special 
Contains compounding information and 
penne graphs on these two de- 


ayed-action accelerators. 
(Bull. No. 836) 


DIBS® DetayeD-AcTION ACCELERATOR 
Describes this new extra-delayed- 
action accelerator that is especially 
suitable for higher and more critical 


Guanipines DPG and DOTG 
Describes these bpp as sigan 
accelerators and as activators wit 
thiazoles. (Bull. No. 848) 


2-MT ACCELERATOR 
Gives data on this fast-curing acceler- 
ator for certain natural GR-S stocks 
and for latex. 


RetarpeR PD—AN Anrti-scorcH AGENT 
Discusses the use of this anti-scorch 
agent with thiazole or activated thia- 
zole-type accelerators. (Bull. No. 851) 


Perton® 22 Plasticizer 
The application of this catalytic pep- 
tizer in natural and synthetic rubbers 
is reported. (Bull. No. 816) 


PertON® 22 Plasticizer 
in Oil-Extended GR-S 
Gives test results under conditions ap- 
proximating those in the factory. 
(Bull. No. 816 Sup. No. 1) 


Perton® 65 and 658 Plasticizers 
Describes these concentrated peptizers 
and their application to reduce milling 
time. 


The above literature is available on 





processing temperatures. (Bull.No.850) request. *Trademark 
—_crYANAMID 





AMERICAN CYANAMID COMPANY 
RUBBER CHEMICALS DEPARTMENT 
Bound Brook, New Jersey 
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KENNEDY 
CARBON BLACK PROPORTIONING SYSTEM 


for cleanliness + accuracy + quality control 


This complete, self-contained carbon black feeding 
and weighing system accurately proportions carbon 
black additions to Banburys. It eliminates costly 
manual handling, unsightly housekeeping and 
batch-to-batch inaccuracies. ®e 


MULTE_COMPARTMENT Bit, 


1) BINS . .. KENNEDy bins are designed and fab- 
ricated for free flow without bridging. Separate 
bins are provided for each type of black. 


@ LEVEL CONTROL . . . High- and low-level con- 
trols actuate the carbon black conveyors to 
the bins, maintaining a steady supply of blacks. 


3] FEEDERS . .. Proven KENNEDY design provides 
uniform ‘Stream-in-air’’ for accurate cut-off 
and close weighing tolerances. 


@) WEIGH HOPPER . . . The design of the weigh 
hopper assures complete cleanout be- 
tween batches. 


8 SCALE . . . The scale automatically weighs up 
to four blacks in sequence. 


© CONTROL CENTER . . . After manual preselec- 
tion of the feed sequence and black weights, 
this center automatically controls the en- 
tire feed operation. Cycle is automatically 
repeated. Batch weights are accurately 
duplicated. 


@@ ROTARY DISCHARGE GATE... When act- 
uated by the control center, the weigh 
hopper gate discharges the weighed 
blacks into the Banbury at a rate Te 
which can be set to meet mixer 
cycle requirements. 








KENNEDY Carbon Black Systems in rubber 
plants throughout this country and abroad 
are doing an outstanding job of producing 
more uniform batches under cleaner working 
conditions without manual handling. 


To get the best out of your existing equip- 
ment, install a KENNEDY Carbon Black Pro- 
portioning System. Ask a KENNEDY Engineer 
to show you how this package can improve 
your carbon black operation. There is no 
obligation. 


KENNEDY VAN SAUN 











MANUFACTURING & ENGINEERING CORPORATION 
405 PARK AVENUE, NEW YORK 22, N.Y. © 


FACTORY: DANVILLE. PA. 
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Pick a number -—(i 1000 


You always win when you specify Shell's hot, cold, oil ex- 
tended polymers, black masterbatches, hot or cold latices 


When you need general-purpose synthetic rubber, you’re 
sure to win when you pick a number from Shell Chemical’s 
catalog. And you can choose what you need from the 
widest variety of synthetic rubber available from a single 
source—Torrance, California. 


In addition to full value for your money—in product and 
delivery —you benefit from one of the broadest research and 
development programs in the synthetic rubber industry. 
Improved quality, new polymers, and advances in pack- 
aging{ help you make better products at lower cost. 

Use Shell Chemical’s Technical Service when you are 
searching for practical solutions to troublesome technical 
problems. Write today for full information . . . or better 
still, phone Los Angeles, FAculty 1-2340. 





to 2105 
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t Shell offers you the Flotainer* package, 
a strong, lightweight, steel-strapped 
wooden container that holds 42 film- 
wrapped bales. The “Flotainer’’ con- 
trols cold flow in uncured synthetic 
rubber; prevents contamination; sim- 
plifies and speeds handling; lets you 
store 20 tons of rubber on less than 100 
sq. ft. of floor space. Write for an 
illustrated bulletin on this packaging 
innovation. 


*Shell Chemical Trademark 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division, P. O. Box 216, Torrance, California 
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COLUMBIAN offers an outstanding 
carbon black for every rubber need... 


STATEX® 160 SAF Super Abrasion Furnace 

STATEX 125 ISAF Intermediate Super Abrasion Furnace 
STATEX R HAF High Abrasion Furnace 

STANDARD MICRONEX® MPC Medium Processing Channel 
MICRONEX W 6 EPC Easy Processing Channel 

STATEX B FF Fine Furnace 

STATEX M FEF Fast Extruding Furnace 

STATEX 93 HMF High Modulus Furnace 

STATEX G GPF General Purpose Furnace 


FURNEX® SRF Semi-Reinforcing Furnace 


plus outstanding pure iron oxide pigments 
from our MAPICO IRON OXIDES UNIT 
REDS ... 617, 297, 347, 387, 477 and 567 
TANS...10, 15 and 20 


BROWNS... 418, 419, 420, 421 and 422 
PLUS YELLOWS... (ct 


COLUMBIAN CARBON COMPANY 


380 Madison Avenue, New York 17, N. Y. 
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SPONSORED RUBBER GROUPS 


OFFICERS AND MEETING DATES 
1958 


AKRON RuBBER GrRouP 


Chairman: Grorae Hacxim (General Tire & Rubber Co., Akron). Vice 
Chairman: Mitton Leonarp (Columbian Carbon Co., Akron). Secretary: 
Irvin J. SsorHun (Firestone Tire & Rubber Co., Akron). Treasurer: JoHN 
GirrorD (Witco Chemical Co., Akron). Meetings in 1958: January 24, April 
11, June 20, October 24. Meetings in 1959: January 23, April 3, June 19 and 
October 23. 
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Chairman: Roger L. Stetiter (B. F. Goodrich Chemical Co., Boston). 
Vice-Chairman: Wiiu1am H. Kine (Acushnet Process Co.). Secretary-Treas- 
urer: JAMES J. BREEN (Barrett & Breen Co.). Permanent Historian: Harry 
A. ArwaTER (Malrex Chemical Company). Ezecutive Committee: Antuur I. 
Ross, THomas C. Epwarps, Georce E. HERBERT, JoHN M. Hussey, CHARLES 
S. Frary. Meetings in 1958: March 21, June 20, October 17, December 12. 


BuFFaLo Russer Group 


Chairman: Joun Hetwic (Dunlop Tire & Rubber Co., Buffalo). Vice- 
Chairman: Ricoarp HerRpDLEIN (Hewitt-Robins, Inc., Buffalo). Secretary- 
Treasurer: LARRY Haupin (Dunlop Tire & Rubber Co., Buffalo). Asst. Sec’y- 
Treasurer: Epwarp Haas (Dunlop Tire & Rubber Co., Buffalo). Ez-Officio 
Chairman: CHARLES MISERENTINO. Directors: Jack Witson (Dow Corning), 
JacK Hauer (Linde Air), Eugene Martin (Dunlop Tire & Rubber Co.), 
Ep Sverprup (U.S. Rubber Reclaiming), Ropert Donner (National Aniline), 
Rosert Pryor (Hewitt-Robins, Inc.). Meeting dates in 1958: May 9— 
International Rubber Group Meeting, General Brock Hotel, Niagara Falls, 
Canada, June 10, October 14, December 2. 


Cuicaco RusBsBerR Group 


President: V. Laprecque (Victor Mfg. & Gasket Co., Chicago). Vice- 
President: M. J. O’Connor (O’Connor & Co., Inc., Chicago). Secretary: J. 
Groot (Dryden Rubber Div., Sheller Mfg., Chicago). Treasurer: 8. F. CHoate 
(Tumpeer Chemical Co., Chicago). Term ends July, 1958. Directors: JamEs 
B. Moors, J. B. Porter, H. D. SHetuer, E. F. Waaner, R. R. Kann, R. A. 
Kurtz, RaupH SHELL, J. F. Swarr. Legal Counsel & Executive Secretary: 
E. H. Leany, Room 1411, 111 W. Washington Street, Chicago. Meetings in 
1958: January 31, March 14, April 25, July 25, October 3, November 14, 
December 19. 


THe Connecticut Ruspser Group 
Chairman: R. T. ZimMermMaN (R. T. Vanderbilt Co., Inc., East Norwalk, 
Connecticut). Vice-Chairman: W. H. Coucu (Whitney Blake Co., Hamden, 


Conn.). Secretary: V. P. Cuapwicx (Armstrong Rubber Co., West Haven, 
Conn.). Treasurer: J. W. Perkins (Armstrong Rubber Co., West Haven, 
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Conn.). Terms to end December 31, 1958. Directors: One-Year term ending 
December 31, 1958: H. Gorpon (Ideal Rubber Co., Brooklyn, New York), 
G. R. Spracue (B. F. Goodrich Sponge Products, Shelton, Conn.), D. F. 
Cumminos (General Electric Co., Bridgeport, Conn.). Two-Year terms ending 
December 31, 1958: R. W. Warp (E. I. du Pont de Nemours & Co., Boston, 
Mass.), F. W. Burcer (Phillips Chemical Co., Providence, R. I.). Director 
to National Division—W. C. Carter (Pequanoc Rubber Co., Butler, New 
Jersey). Meetings in 1958: February 21, May 23, September 6, November 14. 


Detroit Russer Group 


Chairman: E. J. Kvet, Jr. (Detroit Arsenal, Detroit). Vice-Chairman: 
W. F. Mitier (Yale Rubber & Mfg. Co., Sandusky, Michigan). Secretary: 
W. D Witson (R T. Vanderbilt Co., Detroit). Treasurer: W. A. Wiarp 
(Dow Corning, Midland). Directors: J. F. Stirr, J. M. CuharKx, Jack MAspEN, 
A. F. Toompson, Frank G. Fatvey, R. W. Matcorimson, C. H. AuBgrs, R. 
Huizinga, E. P. Francis, P. V. Mituarp, J. J. Fuemine, R. C. CuHitton, 
S. M. SipwE.u, R. H. Snyper, R. C. Waterers, E. W. Tituitson, T. W. Hatio- 
RAN. Councilors: H. F. Jacoper, H. W. Horeravr, J. T.O’Reimiy. Meetings 
in 1958: February 7, April 18, June 27, October 3, December 5. 


Fort WayNE RuBBER GROUP 


Chairman: Grorce E. KetsHermmer (U. 8. Rubber Co., Ft. Wayne, Ind.). 
Vice-Chairman: Puitip Maaner, Jr. (General Tire & Rubber Co., Wabash, 
Ind.). Secretary-Treasurer: WALTON D. Witson (R. T. Vanderbilt Co., 5272 
Doherty Dr., Orchard Lake, Michigan). Directors: M. J. O’Connor, NoRMAN 
Kuemp, E. THeatyt, H. CANTWELL, H. Guassrorp, J. LAwWLEss, R. HARTMAN, 
S. Cnoate, E. Boswortu. Meetings in 1958: February 13, April 10, June 6 
(outing), September 25, December 4. 


Los ANGELES RUBBER GROUP 


Chairman: ALBERT H. Feperico (C. P. Hall Co. of Calif.). Assoc. Chatr- 
man: CHarLes H. Kuun (Master Processing Corp., Lynwood). Vice-Chatr- 
man: B. R. Snyper (R. T. Vanderbilt Co., Los Angeles). Secretary: L. W. 
CHAFFEE (Ohio Rubber Co., Long Beach, Calif.). Asst. Secretary: EDMUND 
J. Lyne (H. M. Royal, Inc. Downey, Calif.). Treasurer: W. M. ANDERSON 
(Gross Mfg. Co., Monrovia, Calif.). Asst. Treasurer: R. O. WuiTe (Caram 
Mfg. Co., Monrovia, Calif.). Directors: Roy N. Poexan (Atlas Sponge Rubber 
Co., Monrovia), Witu1aM J. Haney (Kirkhill Rubber Co., Brea), CHarLes M. 
CuurcHitt (Naugatuck Chemical, East Los Angeles), Howarp R. FisHer 
(W. J. Voit Rubber Co., Los Angeles), Joun L. Ryan, (Shell Chemical Corp, 
Torrance), Cart E. Huxiey (Enjay Co., Los Angeles), WatTtER E. BoswELu 
(Thiokol Chemical Corp.). Meetings in 1958: February 4, March 4, April 1, 
May 5, October 7, November 4. 


New York RvusBsBeR Group 


Chairman: C. V. LunpBera (Bell Telephone Laboratories, Murray Hill, 
N. J.). Vice-Chairman: R. B. Carrouu (R. E. Carroll, Inc., Trenton, N. J.). 
Secretary-Treasurer: M. E. Lerner (Rubber Age, New York). Terms end 
December 31, 1958. Meetings in 1958: March 28, June 5, August 5, October 
17, December 12. 
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NORTHERN CALIFORNIA RUBBER GROUP 


President: Witu1aM “Bru” Dets (Merck & Co., Inc. South San Francisco). 
Vice-President: Drace “Kurt’’? Kurnewsky (Burke Rubber Co., San Jose). 
Treasurer: D. A. “Det” DriesspoueH (Plastic & Rubber Products Co., 
Oakland). Secretary: C. P. “Petz” Enceusman (E. S. Browning Co., San 
Francisco). Directors: CuaupE ‘‘Corkxy’’ CorKADEL, KeitH Larceg, Roy 
Woopiinc. Meetings in 1958: February 13, March 13, April 10, September 
11, October 9, November 13. 


PHILADELPHIA RUBBER GROUP 


Chairman: R. A. Garrett (Armstrong Cork Research Center, Lancaster, 
Pa.). Vice-Chairman: R. 8. Grarr (E. I. du Pont de Nemours & Co., Wil- 
mington). Secretary-Treasur: H. C. Remsberg (Carlisle Tire & Rubber, 
Carlisle, Pa.). Executive Committee: T. E. Farrentt, R. N. HENDRIKSEN, 
JAMES JONES, GEORGE N. McNamara, J. R. Miuus, H. M. Setters, MERRILL 
SmitH. National Dir.: Dr. M. A. Youxer (E. I. du Pont de Nemours & Co., 
Wilmington). Meetings in 1958: April 25, August 22, 1958, October 24, 
November 14, 1958 and January 23, 1959. 


RHopE IstaND RUBBER GROUP 


Chairman: W. K. Priestity (Kaiser Aluminum & Chemical Co., Bristol, 
R.1.). Vice-Chairman: H. W. Day (E. I. du Pont de Nemours & Co., Boston). 
Secretary-Treasurer: Harry L. Epert (Firestone, Fall River, Mass.). His- 
torian: R.G. BotKman (U.S. Rubber Co., Providence). Executive Committee: 


W. J. Buecnarczyk, E. 8. Unuie, R. B. Ropirariuz, J. M. Vitae, C. A. 
DamicongE, G. E. ENser. Meetings in 1958: April 10, June 5, November 6. 


NEW BOOKS AND OTHER PUBLICATIONS 


JOURNAL OF APPLIED PoLYMER SciENCE. Published by Interscience 
Publishers, Inc., 250 Fifth Avenue, New York 1, New York. Price: Each 
volume: $17.50; Subscription rate: $35.00 per year. Subscribers to both 
Journal of Polymer Science 1959 (Subscription rate: $140.00 per year) and the 
new Journal of Applied Polymer Science are entitled to a special combined 
subscription rate of $150.00 per year.—Since the inauguration of the Journal 
of Polymer Science in 1946, the field of polymer science has grown tremendously 
in depth and width. However, the Journal succeeded in accommodating, 
somehow, the increased output of valuable scientific papers and symposia from 
all over the world by enlarging its volume from year to year. In accordance 
with its editorial policy to present a unified record of polymer science, no 
differentiation has been made between the various types and areas of research 
through which the progress in knowledge of polymeric substances has been 
achieved. Although the editors still believe that a change in this attitude, 
such as separation, for instance, of polymer chemistry from polymer physics, 
would not be beneficial or desirable from the contributors’ and readers’ points 
of view, it does appear that substantial advantage would be gained by the 
publication of a new journal devoted to papers on the application of polymer 
research, in conjunction with the existing journal. 
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The new journal will be destined to become a medium for the publication 
of scientific investigations on the properties and behavior of technically im- 
portant and useful substances. 

The Editorial Board of this new Journal of Applied Polymer Science intends 
to reflect the principal areas of applied polymer research and consists, at the 
present time, of: Dr. L. Bateman, The British Rubber Producers’ Research 
Association, Welwyn Garden City, England; Dr. John H. Dillon, Textile 
Research Institute, Princeton; Dr. Herman Mark, Polytechnic Institute of 
Brooklyn, Brooklyn; Dr. Maurice Morton, Institute of Rubber Research, 
University of Akron; and Dr. F. Patat, Technische Hochschule, Munich, 
Germany. The services of Dr. Mark on the boards of both journals will 
assure close liaison on editorial policy and editorial selection between them. 

It is hoped that both journals together will succeed in accommodating the 
increasing demands of pure and applied polymer research all over the world 
and will be able to reflect the development of new ideas and the discovery of 
new substances and reaction in the laboratories of academic and basic research, 
together with the results of testing and evaluation in the laboratories of in- 
dustrial organizations. [Announced in Journal of Polymer Science. ] 


THe RuHEOLOoGY oF Evastomers. By P. Mason and N. Wookey. Pub- 
lished by Pergamon Press, Inc., 122 East 55th Street, New York 22, New York. 
Hard cover, 5} X 8? inches, 202 pages. Price $8.50.—This book is a written 
record of a conference organized by the British Society of Rheology and held 
in Welwyn Garden City during May 1957. Frequently such conference 
records are useful additions to scientific history and provide the interested 
reader with a few nuggets of very valuable scientific information immersed in 
a background of only moderately interesting papers. This book seems some- 
what of an exception in that all the papers are of good quality and that they 
cohere in a very unified whole. The subject has been caught at a very in- 
teresting state of development; a very great advance from a short fifteen 
years ago and on the threshold of an even greater future. 

The papers and their authors are as follows: The Present Status of the 
Theory of Large Elastic Deformations, by L. R. G. Treloar; Thermodynamics 
of Rub?er in Extension: A Study of the Relation between Tension and Tem- 
perature at Equilibrium. Part I. Reversibility and Method of Analysis, 
by P. Thirion and R. Chasset: The Photo-elastic Properties of Rubberlike 
Polymers, by D. W. Saunders; A Note on the Elasticity of Gelatin Gels, by 
P. R. Saunders and A. G. Ward; An Experimental Study of Stress Relaxation 
and Viscous Flow in Natural Rubber, by G. Gee, G. Allen and B. E. Read; 
Network Theories of Stress Relaxation and Set in Rubber, by J. Scanlan; 
A Theory of Elastic Recovery in Concentrated Solutions of Elastomers, by 
A. 8. Lodge; Temperature-Frequency Relationships of Dielectric and Me- 
chanical Properties of Polymers, by A. R. Payne; The Tearing of Rubber, 
by H. W. Greensmith; Mechanical Properties of Irradiated Filled Rubber, by 
A. Charlesby, J. Burrows and T. Bain; Dynamic Visco-elasticity of Polyester 
Cured by Irradiation, by A. Charlesby and E. Fukada; The Recovery Behavior 
of Polythene at Large Strains, by J. J. Benbow; Elastic Effects in the Extrusion 
of Polythene, by P. L. Clegg; High-temperature Tensometry and its Applica- 
tion to Amorphous Polyethylene Terephthalate, by E. L. Foster and H. Heap. 
[Reviewed by Arthur Tobolsky in Journal of Polymer Science. } 
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RHEOLOGY ABstTrRAcTs. During the past two years the Officers and Com- 
mittee of the British Society of Rheology have had in mind certain changes 
in the Society’s Bulletin. These changes were discussed and approved in 
principle at the last Annual General Meeting of the Society and the outcome 
now appears as Volume I of Rheology Abstracts. The Society’s first publications 
were brief duplicated sheets; even the very early Bulletins contained abstracts 
which were found to be of considerable value to practising rheologists. Rhe- 
ology Abstracts is the lineal successor of this portion of the Bulletin. There are 
five main differences between Rheology Abstracts and the previous Bulletin. 
Firstly, it is bound separately and can be more easily kept for reference. All 
material of transient interest, or of interest only to members of the British 
Society of Rheology, is kept apart. Secondly, a determined effort is being 
made to achieve reasonably complete coverage of the technical and scientific 
literature likely to contain matter of interest to rheologists. Already a team 
of abstractors are covering more than 110 journals and our aim is to increase 
this number as our facilities grow. The abstracts obtained in this way will be 
supplemented by others collected from our previous sources of abstracts. <A 
third difference is that the abstracts, instead of being listed alphabetically by 
authors, are grouped into topics. . The choice of these groups has not been 
easy—there is always the abstract that seems to belong equally to two or even 
three groups, but the groups finally chosen seem to include all the topics 
covered by the abstracts. An alternative system, grouping by materials 
(clays, glasses, rubber, etc.) or industries (confectionery, oil, etc.) was con- 
sidered to be less satisfactory. Referencing in this way will, however, be 
facilitated by the fourth difference—the subject index which will be published 
yearly. Finally, Rheology Abstracts is now to be taken under the wing of 
Pergamon Press Ltd., with whom the Society has previously been associated. 
This will lead to a wider circulation, and will relieve the honorary officers of 
certain secretarial work, enabling them to devote more time to the technical 
aspects of the abstracts. [From an editorial by J. H. C. Vernon the editor of 
the new journal. ] 


PuysicaAL CHEMISTRY OF HicgH PoLtymerRs. By Maurice L. Huggins. 
Published by John Wiley & Sons, Inc., 440 Fourth Avenue, New York 16, 
New York. 6 X 9} inches, 176 pages. Price $6.50.—This volume is the out- 
growth of lectures presented by the author when he was a Fulbright Visiting 
Professor at Osaka and Kyoto Universities in Japan. As indicated by the 
following chapter titles, he covers his subject thoroughly: (1) Nomenclature 
and Classification ; (2) Synthesis; (3) Variations in Composition and Structure ; 
(4) The Configuration of Chain Molecules; (5) Thermodynamics of Polymer 
Solutions: Simplified Theory; (6) Thermodynamics of Polymer Solutions: 
Revised Theory; (7)Thermodynamics of Polymer Solutions: Phase Equilibria; 
(8) The Viscosity of Dilute Solutions of Linear Polymers; (9) Plastic Flow; 
(10) Long-Range Elasticity ; (11) Some Typical Addition Polymers; (12) Some 
Typical Condensation Polymers; (13) The Structures of Cellulose, Starch, and 
Their Derivatives; (14) The Structures of Synthetic Polypeptides, Keratin, and 
Silk; (15) The Structure of Collagen; (16) The Structures of Corpuscular Pro- 
teins. Symbol, author and subject indexes are included at the end of the 
volume. Pertinent literature references appear at the end of each chapter. 

This book could well serve as an advanced textbook for students of physical 
chemistry of the high polymers. The molecular structures of synthetic and 
natural high polymers (including proteins) are described in detail. Emphasis 
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is on fundamental principles and on the explanation of properties in terms of 
molecular structure. Recent important work in the field is described, including 
the author’s previously unpublished theory of the dependence of the thermo- 
dynamic properties of polymer solutions on the sizes, shapes and structures 
of the component molecules. Much basic information pertinent to the work 
of the rubber chemist is included here. The presentation is attractive and 
legible, and the writing clear and concise. [Reviewed in Rubber Age (N. Y.).] 


PoLyMER Reviews. Volume I. THe Errects or Ion1IzING RADIATION ON 
NATURAL AND SYNTHETIC HiGgH PotymerRs. By Frank A. Bovey. Published 
by Interscience Publishers, Inc., 250 Fifth Avenue, New York 1, New York. 
Hard cover, 6} X 9} inches, 288 pages. Price $8.00.—During the last years 
there have been such spectacular developments in-certain branches of polymer 
science that the publishers of this book felt the advisability of launching a 
series dealing with the most important of the new innovations and trends. 
This book, on ionizing radiation, is the first of the volumes, its subject being 
chosen because of the extraordinary theoretical and practical interest currently 
evidenced in the rubber industry. This work, as will all in the series, has its 
emphasis placed on the principles which caused the new branch of science to 
grow, ona comprehensive presentation of the actual state of current knowledge, 
and a broad outline of those ideas and methods which can be foreseen to control 
future development. 

A listing of the contents gives an idea of the scope of the material: (1) Prop- 
erties of Ionizing Radiations; (2) Chemical Effects of Ionizing Radiations; 
(8) Radiation Chemistry of Polymers (General); (4) Statistical Treatment of 
Crosslinking and Scission Occurring under Ionizing Radiation; (5) Hydro- 
carbon Polymers; (6) Acrylate and Methacrylate Polymers and Miscellaneous 
Oxygen-Containing Addition Polymers; (7) Chloro and Fluoro Polymers; 
(8) Diolefin Polymers; (9) Condensation Polymers; (10) Natural Polymers and 
Derivatives. 

Also included is an appendix which presents data on the effects of high 
energy radiation on polymers in tabular form. The various polymers are 
listed with an indication of chemical structure, predominant reaction produced 
by the total energy dissipated in a polymer during the formation of a cross- 
linked unit, and total energy dissipated in a polymer during the formation of a 
main chain scission. A glossary of principal symbols and author and subject 
indexes close the volume. 

The book is a critical review, not an exhaustive monograph. It analyzes 
the most significant basic research, most of which is of a very recent date. 
This in many instances touches on studies of a practical or technological nature, 
as they represent the only knowledge available concerning certain of the 
polymers. Much valuable information is included in the volume, which will 
prove of value to many in the expanding field of radiation and rubber tech- 
nology. [Reviewed in Rubber Age (N. Y.).] 


EFFECT OF OZONE ON RusBBEeR, ASTM Special Technical Publication No. 
229(1958). Price to ASTM members, $3.00, and to nonmembers, $3.75. 
American Society for Testing Materials, 1916 Race Street, Philadelphia 3, Pa. 
—This constitutes the papers presented at a symposium the titles and authors 
of which are as follows: Introduction by G. C. Maassen; Rubber and Its 
Environment by A. J. Haagen-Smit, A Study of the Action of Ozone with 


xii 








f 





Polybutadiene Rubbers by E. R. Erickson, R. A. Berntsen, E. L. Hill, and 
Paul Kusy; The Reaction of Ozone with Rubber by Harold Tucker; Ozone 
Resistance of Elastomeric Vulcanizates by Z. T. Ossefort; Chemical Anti- 
ozonants and Factors Affecting Their Utility by William L. Cox; Prevention 
of Ozone Attack on Rubber by Use of Waxes by S. W. Ferris, 8. 8. Kurtz, Jr., 
and J. J. Sweely; Comparison of Accelerated and Natural Tests for Ozone 
Resistance of Elastomers by G. N. Vacca; Quantitative Measurement of Rate 
of Ozone Cracking by A. G. Veith; Report on Interlaboratory Ozone Test 
Program of ASTM Committee D-11, Subcommittee XV, 1957 by A. G. Veith. 


SYMPOSIUM, THE LITERATURE OF RuBBER. Published by the Division of 
Rubber Chemistry of the American Chemical Society. This collection of 
papers may be obtained from the Treasurer of the Division, Mr. G. E. Popp, 
Phillips Chemical Co., Akron, Ohio, at $2.50 per set. It was presented at the 
130th Meeting of the American Chemical Society at Atlantic City, N. J., 
September 18-19, 1956, as a Joint Symposium with the Division of Chemical 
Literature. 

The collection includes: 


1. Introductory Remarks, by Hanna Friedenstein, chairman of the symposium. 
2. The Jargon of the Rubber Industry, by 8. G. Byam. 

3. The Literature of Natural Rubber, by T. H. Messenger. 

4. The Literature on Synthetic Rubber, by Leora Straka. 

5. The Rubber Division Library—An Experiment in Cooperation, by Dorothy 


Hamlen. 
6. Classification Schemes for the Literature of Rubber, by Lois W. Brock. 
. Reclaimed Rubber. A Guided Tour Through the Literature, by H. A. 
Winkelmann and J. M. Ball. Abstract only; see Rubber Journal 133, 14, 
41, 110, 143 and 174(1957). 
8. Rubber Compounding Information: Sources, Searching, Recording and 
Retrieval, by Kathleen 8. Rostler. Abstract only; see Rubber Age 82, 
678 (1958). 
9. Patent Searching in the Field of Rubber Technology, by T. A. O’Brien. 
10. Standards and Specifications for Rubber and Rubber Products, by J. J. Allen. 
11. Government Reports on Rubber, by P. 8S. Greer and J. Kanegis. 
12. Sources of Market Information on Rubber, Rubber Raw Materials, and 
Rubber Products, by H. N. Stevens. 
13. New Publication Plans of the Division of Rubber Chemistry, by R. G. Seaman, 
N. Bekkedahl, and David Craig. 
14. How Rubber Literature is Created: Preparing the Technical Paper, by M. E. 
Lerner. 


~J 


ACS Applied Publications has a new journal—the Journal of Chemical and 
Engineering Data. Predecessor of the new journal was J & EC’s Chemical and 
Engineering Data Series, which was first issued in 1956 on a semiannual basis. 
Since the new journal was a part of J & EC for four issues, this first issue will 
bear the designation, Volume IV, No. 1. It will be issued twice as often as 
Chemical and Engineering Data Series, and price per issue to ACS members 
remains the same. As the volume of manuscripts submitted to Chemical and 
Engineering Data Series became greater, it became apparent to the ACS Board 
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of Directors that a new journal incorporating all the features of the series with 
added features would be desirable. The Board therefore authorized the new 
journal, which will appear as a quarterly. The new journal will contain four 
times as many pages as the first volume did in 1956. Two broad subject areas 
will make up the new journal. The first offers data obtained through new 
concepts or new methods, or by extensions of such data. For example, data on 
phase equilibria, thermodynamics, and molecular transport may be included. 
The second area contains articles which characterize compounds, list physical 
properties as ends in themselves or as aids to other studies or evaluations. 
[From Chemical and Engineering News. } 
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STRESS-STRAIN RELATION OF PURE-GUM RUBBER 
VULCANIZATES IN COMPRESSION AND TENSION * 


LAWRENCE A. Woop 


NaTIONAL Bureau oF Stanparps, Wasuineton, D. C. 


INTRODUCTION 


The stress-elongation curve of a typical pure-gum rubber vulcanizate after 

a given period of creep, according to recent work of Martin, Roth, and Stiehler', 

can be represented up to 200 per cent elongation or more by an empirical 
equation 

= M(L~ — L~*) exp A(L — L") (1) 


where F is the stress based on the original cross-sectional area, L is the ratio of 
stressed length to unstressed length, and M and A areconstants. M is Young’s 
modulus, the slope of the stress-elongation curve at zero stress (where L = 1). 
A normally has a value close to 0.38. 

A graph of F/M against L as computed from Eq. (1) is given by the solid 
line of Figure 1, reproduced from a recent review?. Although the range of con- 
ditions of applicability of Eq. (1) has not been thoroughly explored, Martin, 
Roth, and Stiehler' showed it to be valid for the first extension of pure-gum vul- 
canizates of natural rubber, GR-S, GR-I, and neoprene over a 10-fold range of 
times of vulcanization and for constant times of creep from 1 to 10,000 min. 
It was found not applicable to vulcanizates containing carbon black or other 
fillers. 

The investigations of Martin, Roth, and Stiehler were limited to specimens 
in simple tension. Consequently it was considered to be of interest to deter- 
mine whether the same empirical equation can be applied to the compression 
region. The present paper shows from data already published by Sheppard 
and Clapson’, Treloar*, and Rivlin and Saunders®, that, until the compression 
exceeds about 50 per cent (ZL = 0.50), the equation is valid with the same 
constants that apply in the extension region. 


COMPRESSION AND TENSION DATA 


The friction that arises when compressional forces are applied to a flat 
specimen is a major source of experimental difficulty. It was pointed out years 
ago by Sheppard and Clapson’ that a system fully equivalent to friction-free 
compression with freedom of displacement normal to the compressive force is 
obtained by subjecting a sheet to two-dimensional stresses in the plane of the 
sheet while allowing freedom of displacement in the direction normal to the 
sheet. Data obtained by studying the relation between deformation and 
inflation pressure in balloons were presented by these authors. Values ob- 
tained on both compression and tension shown in Figures 9 and 10 of the paper 
by Sheppard and Clapson’ have been read from the figures to obtain log F/L~ 


* Reprinted from the Journal mf Research of the National Bureau of Standards, Vol. 60, No. 3, pages 193- 
199, March 1958; Research Paper 2837. 
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Fia. 1.—Relation between stress-modulus ratio F/M and length ratio L. Solid line: empiric al function 
(L~ —L7~) exp 0.38 (L—L™~). Dashed line: statistical theory function (1/3) (L —L~). 


— L~*) and (L — L~"), the quantities necessary for checking the validity of 
Eq. (1). They have been plotted as co-ordinates in Figure 2 of the present 
paper. It has already been pointed out! that such a plot in the tension region 
should yield a straight line with A as slope and log M is intercept. The linear- 
ity of the plot shown here covering both compression and tension seems quite 
satisfactory. Sheppard and Clapson themselves have called attention to the 
probable inaccuracy of the two points obtained at the smallest value of com- 
pression (where L = 0.8 and 0.9). The values of A obtained from the plot in 
Figure 2 is 0.36 in close agreement with values found by Martin, Roth, and 
Stiehler'. The value for log M of 0.91, corresponding to a Young’s modulus of 
8.1 kg/cm’, is quite reasonable for a ‘‘cold-cured” balloon rubber. It is pre- 
sumed that the vulcanizing agent was sulfur chloride. 
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Fig. 2.—Determination of constants in empirical —e from plot suggested by Eq. (1). XX, Data from 
Figure 10 of Sheppard and Clapson?; ©, data from Figure 9 of Sheppard and Clapson’. 
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The upper curve of Figure 3 represents data from the work of Treloar*, who 
made measurements similar to those already described but used a vulcanizate 
compounded with 8 parts of sulfur per hundred parts of rubber. The data in 
the compression region are taken from Treloar’s Table I. For the points corre- 
sponding to compression ratios of 0.80, 0.77, and 0.69 the values of the equival- 
ent compressive force were taken as 3.39, 3.89, and 5.82 kg/cm’, respectively, 
after correcting an apparent typographical error in Treloar’s Table 1. Values 
in the tension region were read from Figures 3 and 5 of Treloar’s paper. 

For values of L greater than 0.5 the experimental points lie quite close to the 
straight line drawn in Figure 3, with the exception of the point for L = 0.95. 
The value of A obtained from this plot is 0.394, in satisfactory agreement with 
previous work!. The value for log M of 1.1 corresponds to a Young’s modulus 
of 12.7 kg/cm?, nearly the same as the value, 12.0 kg/cm?, taken by Treloar to 
represent the data in the compression region and up to about 30 per cent 
elongation. 
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Fia, 3.—Determination of constants in empirical equation from plot suggested by Eq. (1). 
Data of Treloart. XX, Data of Rivlin and Saunders’. 


The lower curve of Figure 3 represents data from the work of Rivlin and 
Saunders®, whose measurements were similar to those of Treloar. The rubber 
was a conventional sulfur vulcanizate accelerated with benzothiazoly] disulfide 
(MBTS). The data in the compression region were taken from Table VIII of 
the paper by Rivlin and Saunders, while the data in the tension region were 
read from Figure 14 of their paper. Values of A = 0.382 and M = 11.1 kg/em? 
are obtained from Figure 3. 

It will be noted that in 2 of the 3 sets of data in Figures 2 and 3, the values 
of the ordinate lie increasingly above the straight lines as L approaches | in the 
compression region. It is possible that this represents a significant character- 
istic or it may be that it was due to residual stresses or other nonisotropic 
phenomena. Martin, Roth, and Stiehler' also reported instances of apparent 
high values near L = 1 for certain vulcanizates in the tension region. How- 
ever, in the present paper we shall neglect the possibility that the observation 
is significant since better data in the region near L = 1 would be required to 
establish a definite conclusion of this sort. 
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It is concluded from Figures 2 and 3 that Eq. (1) provides a satisfactory 
representation of the stress-strain relation for compressions less than 50 per cent 
(i.e., for L greater than 0.5), and for elongations up to about 250 per cent (i.e., 
L = 3.5). 


FEATURES OF THE EMPIRICAL EQUATION 


The solid line in Figure 1, depicting the values of F/M computed from 
Eq. (1) with A = 0.38, includes both compression and tension regions. The 
descending portion, beginning at the origin, of course has no physical signifi- 
cance. A minimum value of F/M =-— 3.3 at L = 0.18 is followed by the 
rising portion shown. A point of inflection (corresponding to a maximum 
slope) at ZL = 0.26 is followed by a steady decrease of slope, passing through 
unit slope at Z = 1, until another point of inflection (corresponding to a mini- 
mum slope) is reached at L = 2.91. As pointed out in the preceding sections, 
the equation represents the experimental data reasonably well over the interval 
from L = 0.5 to about L = 3.5. 

One can find two approximations to Eq. (1) that are useful over limited 
regions. The exponential term in Eq. (1) can be expanded in a power series. 
If only the first two terms of the series are retained and a reciprocal term is 
approximated!, the following equation is obtained: 


F/M = (L" — L“][1 + 2A(L — 1)] (2a) 
or 
F/M = 2A — (4A — 1) — (1 — 2A)L (2b) 


For A = 0.38 this becomes 
F/M = 0.76 — 0.52Z— — 0.24L7? (3) 


This equation approximates Eq. (1) within about 0.5 per cent over the range 
from L = 0.75 to L = 2.0. The compensating effect of some pairs of terms 
neglected in the expansions makes the approximation better than would be 
expected at first glance. 

In the range above L = 2 the empirical function is nearly linear over con- 
siderable region. A useful approximation here is 


F/M = 0.164L + 0.125 (4) 


Values computed from Eq. (4) differ from values given by Eq. (1) by less than 
4 per cent from L = 2to L = 4.5. The upper limit given is above the normal 
range of validity of Eq. (1). 

EQUATION PREDICTED BY STATISTICAL THEORY 


The dashed line in Figure 1 shows the function 
F/M = (1/3)(L — IL) (5) 


predicted by the statistical theory of rubber elasticity?:*.’ for the entropy com- 
ponent of the ‘‘equilibrium” stress of an ideal network. The agreement be- 
tween the two functions in the region between L = 0.5 and L = 1 is quite 
striking. Calculation of numerical values shows that the difference is less than 
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4 per cent throughout this interval. Since the precision of the available com- 
pression data is no better than this figure, no statement can be made as to 
which function conforms better to experimental observations in this region. 

This agreement together with the conclusion of Treloar* that Eq. (5) ade- 
quately represents his experimental data in this region, confirms the validity of 
Eq. (1) here, as already demonstrated directly by Figures 2 and 3. Recent 
direct measurements of compression of specimens with lubricated surfaces by 
Forster® have also shown conformity to Eq. (5) or Eq. (1) from L = 0.67 to L 
= 1, 

In the region of tension, however, the difference between the two functions 
becomes steadily greater as L increases. The value of (1/3) (L — L7?) is about 
4 per cent greater than that of the empirical functior at Z = 1.15, about 32 
per cent greater at L = 2.0, and about 57 per cent greater at L = 3.0. These 
differences preclude the use of Eq. (5) for values of L above about 1.15. The 
slope of the graph of (1/3) (ZL — L7*) against L approaches 0.333 as L is in- 
creased; the slope of a similar graph of the empirical function is 0.164 for a 
considerable region beyond L = 2, as shown by Eq. (4). 

Equation (5) is intended to apply to the entropy component of the stress 
of an ideal network of permanent crosslinks under “equilibrium” conditions. 
Equation (1), on the other hand, represents experimental values of stress ob- 
tained on conventional pure-gum vulcanizates after a fixed period of creep. 
Most, if not all, of the divergence between the two equations is to be ascribed 
to these differences. In the case of natural rubber at least, the divergence is 
associated with the entropy and can not be ascribed to changes of internal 
energy on stretching?. 

The observations are consistent with the representation of a conventional 
pure-gum vulcanizate as a network differing from the ideal network in having 
labile crosslinks that disappear during extension, the number disappearing 
increasing slightly with time at a fixed elongation and increasing considerably 
with increasing elongation at a fixed time. The crosslinks which have disap- 
peared reform in time if the elongation is reduced. The data would indicate 
that the crosslinks are not affected by moderate compression. Such a network 
would be similar to an actual vulcanizate in showing creep in tension and a 
stress-modulus ratio increasingly less than the ideal as the elongation increases. 


EQUATION ASSUMING HOOKE’S LAW FOR 
STRESS ON DEFORMED SECTION 


Another equation that has often been suggested for representing the stress- 
strain curve is obtained by assuming the constancy of Young’s modulus M with 
the stress based on the stressed cross section. The result is 


F/M =1-—17 (6) 


Calculation shows that this function is not at all satisfactory in the com- 
pression region. This function yields values about 11.5 per cent less in absolute 
magnitude than the empirical function at Z = 0.5 and the difference falls 
below 4 per cent when L is greater than 0.85. 

In the region of tension Eq. (6) gives a value about 4 per cent greater than 
that given by Eq. (1) at Z = 1.18. The difference has a maximum of about 
13.2 per cent at L = 2.2 and falls to 9 per cent at LZ = 3. It is clearly inaccu- 
rate to assume the validity of Eq. (6) up to about L = 2, as has been done by 
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some previous workers. If one should attempt to represent observations in the 
tension region by assuming an apparent modulus 6.6 per cent less than M, posi- 
tive and negative differences of about 6.6 per cent would be obtained between 
the values from Eq. (6) and those observed. In the compression region, how- 
ever, the differences would be increased by about 6.6 per cent to become as 
great as about 18 per cent at L = 0.5. This is not a satisfactory representation 
of the observed data, which are given by Eq. (1) within the experimental ac- 
curacy of the observations discussed. 


MOONEY-RIVLIN EQUATION 


The work of Mooney’ and Rivlin®-*.7.° leads to an equation which may be 
written in the case of simple compression or tension, as 


F/2 = Si(L _ L-*) + So(1 - L-*) (7) 


where S; and So are, in general, functions of LZ. In a region where Mooney’s 
assumptions are valid S; and S2 have constant values C, and C2, respectively. 

If one wishes to put Eq. (7) into a form suitable for a convenient plot he has 
two choices, suggested by the following two modifications of the equation: 


F 
ae = § So —t 
RL — ES = Ss + Seb (8) 
F 
—— —— oe S So 
CE Mala ditiae (9) 


More general relations are obtained by dividing both sides of each equation 
by M, the slope of the stress-strain curve at L = 1. 


F al Si So = 

wa Es * ute” (10) 
F S1 So 

Ma -L)~M’t@ (11) 


Figure 4 shows a plot of ® defined as F/[2M(L — L7~*)] against LZ“ when 
F is obtained from the empirical equation, Eq. (1), giving A the value of 0.38. 
Correspondingly Figure 5 shows a plot of 6 defined as F/[2M(1 — L-*)] against 
L also utilizing Eq. (1). It will be noted, of course, that the compression re- 
gions appear on opposite sides of the value corresponding to L = 1 in the two 
plots. From the equations it is obvious that the slope of the curve in Figure 4 
at any point is the intercept of the tangent to the curve of Figure 5 at the cor- 
responding point and vice versa. Furthermore it can readily be shown from 
their definitions that at L = 1 both ® and @ have the same value, namely 1/6, 
and that this value is independednt of the form of the stress-strain relation. 
Consequently from Eq. (10) or (11) it is clear that M = 6(S; + Se) ze1. 

It will be noted from Figures 4 and 5 that no portions of the curves are 
linear for any extended range. However, over the range from L = 0.5 to 
L = 1 the values of ® and @ are in reasonable agreement with the prediction of 
the statistical theory of rubber elasticity which would set 8,;/M = 0.1667 and 
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_ Fie. 4.—Values of obtained from empirical Eq. (1) in plot suggested by the Mooney-Rivlin Equation 
in the form of Eq. (10). Dashed straight line shows result predicted by statistical theory. Solid straight 
line shows result predicted by Mooney equation with constants C; and C2 determined from region where 
1.5<L<3.5. 


S2/M = 0. The actual value of S,/M, as calculated from Eq. (1), falls from 
0.223 to 0.1267 in the range mentioned, while the value of S2/M rises from 
—0.03 to +0.04. The average values over the range may well be taken as 
those predicted by the statistical theory. It will be noted, as already men- 
tioned, that both the statistical theory and the empirical function require that 
at L = 16 =0=S8,/M + S./M = 0.1667. 

Figures 4 and 5 show that over a range from perhaps L = 1.5 to about L = 
3.5 the values of ® and @ fall approximately on a straight line in accordance with 
the prediction of the Mooney Eq. (9) calling for the constancy of S;/M and 
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Fic. 5.—Values of @ obtained from empirical Eq. (1) in plot suggested by the Mooney-Rivlin Equation 
in the form of Eq. (11). Dashed straight line shows result predicted by statistical theory. Solid straight 
line shows result predicted by Mooney equation with constants C: and C2 determined from region where 
1.5 <L <3.5. 
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S2/M. It is clear that this is only an approximate constancy arising from the 
fact that the value of S,/M passes through a minimum in this region, at a point 
of inflection of each curve, while the value of S2/M is correspondingly passing 
through a maximum. Values of S,/M and S2/M at this point of inflection may 
be read from the solid lines of Figures 4 and 5, but may be obtained more ac- 
curately by computation from Eq. (1). The values obtained by either pro- 
cedure are [S;/M]min = 0.064 and [S;/M]max = 0.124. These values cor- 
respond to L = 2.3 — 2.4. A straight line corresponding to a larger value of 
S,/M and a smaller value of S2/M would approximate the functions ® and 6 
over a slightly larger range of values of Z at the expense of accuracy of repre- 
sentation of the functions. 

Over the important intermediate range for Z between 1.0 and 1.5, however, 
neither statistical theory nor Mooney equation can satisfactorily represent ® 
and @, as shown in Figures 4 and 5. Instead, S,/M decreases continuously 
from 0.1267 to 0.08 in this transition interval while S2/M increases continuously 
from 0.04 to 0.006. : 

A number of previous workers'!—!® have evaluated the Mooney constants 
C, and C2 from stress-strain observations in tension, largely between L = 1.1 
and L = 2.0. Almost all the specimens used differed considerably in degree of 
vulcanization from those for which Eq. (1) has been shown to be valid. Even 
more significantly, most of the measurements were apparently made after a 
prescribed procedure of prestretching and recovery, whereas the other observa- 
tions mentioned up to this point were made with specimens stretched for the 
first time. From plots of the type suggested by Eq. (8) it was concluded!!—'5 
that C2 had a value of approximately 1.03 kg/cm? for pure-gum vulcanizates 
containing sulfur and an accelerator. Under the same conditions C; had values 
ranging from about 1.0 to 3.0 kg/em?. Among more than 25 values given in 
these papers! there are only two instances where the same compound was 
investigated at different times of cure. In one case! covering 12, 15, and 17 
min of cure C; increased, C2 decreased, and their sum increased slightly with 
increasing cure; in the other case! with cures of 10 and 30 min C,; and the sum 
increased, but there was little change in Co. 

Blackwell'® using plots of the type suggested by Eq. (9) obtained values for 
C2 of about 0.8 kg/cm? and for C; of about 1.25 or 1.55 kg/cm? depending on the 
kind of rubber, but showing no variation with time of cure. It appears, from 
an examination of the conditions employed, that even at the shortest time of 
cure his vulcanizates had already reached a point where little change of modu- 
lus would be expected. 

It is clear that under the experimental conditions employed by these workers, 
the value of C2/C; is smaller than 0.124/0.064 = 1.94 as given by the empirical 
function. As a result the size of the transition interval (in which S2 increases 
from zero to a nearly constant value) is smaller than that given by the empirical 
function. The reason for the discrepancy is not clear but it is probably related 
to the very high degree of vulcanization and the previous mechanical history of 
the specimens employed by the British workers, as contrasted with those used 
by Martin, Roth, and Stiehler' and the observers whose results are given in 
Figures 2 and 3. 

In any case, unless ® and 6 show a sharp discontinuity in slope exactly at 
L = 1, a transition interval must exist and must lie in the region of low elonga- 
tions. Consequently linear extrapolation of tension data to L = 1 is not justi- 
fied in the region of low elongations in plots similar to Figures 4 and 5. It may 
be concluded that the Mooney equation is not valid in the region of low elonga- 
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tions, since S; and S; show no approach to constancy in this region. Some of 
the implications of this conclusion in terms of the strain energy function have 
been pointed out in a recent review?. 

Thomas" has applied a correction term to the stress predicted by the statis- 
tical theory. Although this operation yields a graph of @ qualitatively similar 
to Figure 4 the stress-strain relationship predicted by Thomas’ work departs 
so markedly from the solid line shown in Figure 1 that the correction can not be 
regarded as satisfactory. 


YOUNG’S MODULUS FROM EXPERIMENTAL OBSERVATIONS 


It is often a matter of considerable theoretical and practical importance to 
obtain a value of Young’s modulus M from experimental observations of stress 
at one or more finite strains. 

Since M is defined as the slope of the graph of F against L at L = 1, the 
simplest method of determining its value would be to draw a tangent to the 
curve at this point and measure its slope. For values of L greater than 0.5 a 
plot of observed values of stress F against L will have the shape given by the 
solid curve of Figure 1; the ordinates will simply be those shown, multiplied by 
the constant factor M. It can be seen from Figure 1 that the curvature at 
L = 1 is so great that the simplest method would not be very satisfactory. 
The tangent would be determined mainly by a few observations near L = 
where the experimental precision is not high. 

Equations (1), (2a), (5), and (6) each represent satisfactorily the observed 
values of F in the region very near LZ = 1, but differ in their ranges of appli- 
cability. Each equation can be put into such a form as to suggest coordinates 
that will give a linear plot near L = 1, from which M may be obtained. Since 
Eq. (1) represents the data over a greater range than any of the others, a plot 
based on it can include a greater range of experimental observations than any 
of the others. The most satisfactory coordinates for a plot based on Eq. (1) 
are log F/(L~! — L~*) and (L — L7"), as illustrated by Figures 2 and 3, where 
log M is obtained as the intercept. If only tension data or only compression 
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Fria. 6.—Determination of constants in empirical Eq. (1) from plot suggested by approximation given as 
Eq. (2a). @, Data of Treloar*. XX, Data of Rivlin and Saunders’. 
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data are available this represents an extrapolation, but if data in both regions 
can be plotted, as in Figures 2 and 3, the advantages of interpolation can be 
realized. A plot of this form shows by its linearity whether Eq. (1) is valid for 
the particular observations concerned and, if it is linear, its slope gives the 
value of A. Even if the plot should not be linear, the procedure of obtaining 
log M by interpolation should be satisfactory. 

If the range of observations is not too great, a plot based on the approxima- 
tion given by Eq. (2a) can be made. It can be seen that a plot of F/(Z~ — 
L~*) against (L — 1) should yield a straight line with intercept M and with 
slope 2AM. This is a thoroughly satisfactory procedure for observations be- 
tween L = 0.75 and L = 2.0 since the approximation represents Eq. (1) within 
0.5 per cent over this region. Figure 6, showing this type of plot for the data 
of Treloar‘ and Rivlin and Saunders® may be compared with Figure 3 showing 
the applicability of Eq. (1) to the same data. 

Under conditions where the validity of Eq. (1) with A = 0.38 may be rea- 
sonably presumed, M may be calculated from the equation, using a single ob- 
servation of stress and the corresponding strain. If a repetition of the calcula- 
tion with other observed values gives a constant value for M within experimen- 
tal error, the validity of the equation is confirmed and the average obtained by 
such calculations may be taken as the desired Young’s modulus. 

The equation predicted by the statistical theory of rubber elasticity, Eq. (5), 
in spite of its disagreement with observed values in the tension region, has been 
frequently used to determine M. Since values of F/M predicted by this 
equation in this region are systematically too high as noted in Figure 1, the 
calculated values of M are systematically too small by the amounts indicated in 
a previous section, unless the results are extrapolated in some manner to L = 1. 
The simplest graph based on Eq. (5) calls for a plot of F against (L — L~*) for 
a determination of M from the slope. This procedure has been followed in 
recent work of Charlesby and von Arnim'® on rubber crosslinked by radiation. 
Unlike the conventional vulcanizates considered in the present paper, this ma- 
terial appears to conform to Eq. (5) up to high elongations. A similar method 
employed by Bueche” requires a plot of FL? against L* for a determination of 
M by extrapolating the observed slope to L = 1. 

A more sensitive method than either of these is to plot F/(L — L~*) against 
L as in the work of Gee” or against L~ as in other work®: "5-21, 

These graphs should have the constant value M/3 where the statistical 
equation is applicable. This has indeed been found true*® in the compression 
region for L between 0.1 and1. In the tension region, however, the value is not 
constant, and a linear extrapolation to L = 1 is not justified, as already men- 
tioned. Figure 4, differing from the latter plot only by two constant ‘factors, 
shows the curvature to be expected near L = 1. 

The following modifications of Eq. (6) 


F = M(1i — [”) (12) 
and 
FL = M(L —1) (13) 


show that straight lines of constant slope M would result from a plot of F 
against (1 — LZ) or of FL against (ZL — 1), if Hooke’s law based on actual 
section were valid. It has been shown in a previous section that values of F/M 
obtained on this assumption are about 4 per cent too high at L = 1.18. If 
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greater accuracy than this is desired, the slope must be obtained from lower 
values of L. The use of Eqs. (12) and (13) for L between 1.0 and 1.1 is a rea- 
sonably satisfactory approximation since the value of F/M obtained is less 
than 2.5 per cent too great in this region. Baldwin, Ivory, and Anthony” have 
obtained linear plots of Eq. (13) for pure-gum vulcanizates of nitrile rubber 
and GR-I in this region. 

Considerations outlined more fully in the section on the Mooney-Rivlin 
equation show that M can be obtained by determining the value of F/2(L — 
L~*) or the value of F/2(1 — L~*) at L = 1 since these quantities both are 
equal to M/6 at this point. If these operations are done graphically, curves 
similar to Figures 4 and 5 are obtained, except that the ordinates are multiplied 
by a constant factor. It is clear that the curvature in the region of low elonga- 
tions is so great as to make satisfactory extrapolation quite difficult. 

In summary, Young’s modulus M can best be determined from the intercept 
of a plot like Figure 2 or 3, based on Eq. (1). This will permit the utilization of 
observations over the widest possible range of values of L in compression and 
tension. A plot like Figure 6, based on the approximation given by Eq. (2a) 
is thoroughly satisfactory between L = 0.75 and L = 2.0. It is considerably 
superior to any of those based on Eq. (5), (6), or (7). The use of a plot based 
on Kq. (6) will give apparent values of M less than 2.5 per cent too low if ob- 
servations are confined to elongations of less than 10 per cent. The use of a 
plot based on Eq. (5) will be satisfactory in the compression region and also will 
give apparent values of M less than about 2.7 per cent too low if observations 
are confined to elongations of less than 10 per cent. The use of a plot based on 
Eq. (7), differing only in scale from Figure 4 or 5, is not satisfactory for obtain- 
ing M by extrapolation because of its large curvature in the region from L = 1.0 
to L = 1.5. 


CONCLUSIONS 


The empirical function of Martin, Roth, and Stiehler' represented by Eq. (1) 
where A has the value of 0.38 may be regarded as an adequate representation 
of the available experimental data covering both the compression and tension 
of pure-gum vulcanizates. The stress and strain are to be measured after a 
constant time of creep. The approximate validity extends over the range 
0.5 < L < 3.5. The success of the single empirical function in representing 
data obtained in both compression and tension over a range as great as this is 
regarded as very significant. 

In the range of values of L from 0.5 to 1.0 (compression) the empirical func- 
tion gives results in agreement with the predictions of the statistical theory of 
rubber elasticity. After representing the stress and strain in a transition region 
extending from LZ = 1.0 to 1.5, the empirical function gives approximately 
constant coefficients C; and C2 in the Mooney equation over the range from 
1.5 to about 3.5. 

The behavior of the empirical function in the transition region from L = 
1.0 to L = 1.5 shows that the statistical theory of elasticity fails to represent 
the experimental data even at the lowest elongations while proving satisfactory 
in the compression region. The Mooney-Rivlin equation also fails to furnish 
adequate representation of the experimental data at low elongations. 

The most satisfactory method of determining Young’s modulus from ex- 
perimental observations of stress and strain in pure-gum vulcanizates involves 
a plot of log F/(L~! — L~*) against (L — L~'). For observations within the 
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range of L = 0.75 to 2.0 the simpler plot of F/(Z~' — L~*) against (L — 1) is 
thoroughly satisfactory. In both cases M is obtained from the intercept, and 
the constant A in Eq. (1) is determined from the slope. 


SYNOPSIS 
The stress-strain curve in tension for a typical pure-gum rubber vulcanizate 


after a given period of creep, according to Martin, Roth, and Stiehler, can be 
represented by an empirical equation 


F = M(L~ — L-*) exp A(L — L~) 


where F is the stress based on the original-cross sectional area, and L is the ratio 
of stressed to unstressed length, M is the slope of the stress-strain curve at 
L = 1 and A normally has a value close to 0.38. The present paper shows by 
an examination of data published by Sheppard and Clapson, Treloar, and Rivlin 
and Saunders that the equation is also valid in the region of compression for 
values of ZL as small as 0.5 (50 per cent compression). The features of the 
empirical equation are discussed, and comparisons are made with the equation 
predicted by the statistical theory of rubber elasticity and the equation derived 
by assuming Hooke’s law for the stressed cross section. The consequences of 
the validity of the empirical equation in terms of the Mooney-Rivlin presenta- 
tion of the strain energy function are pointed out. The equation predicted by 
the statistical theory represents observed data very well in the compression 
region from L = 0.5 to L = 1.0. The Mooney equation is approximately 
valid from L = 1.5 to L = 3.5. Neither of these equations is satisfactory in 


the important intermediate region from L = 1.0 to L = 1.5. The empirical 
equation represents the observed data over all three of these regions. It is 
concluded that Young’s modulus M can best be obtained from the intercept of 
a plot of log F/(Z™ — L7*) against (L — LZ). For 0.75 < L < 2.00 it is 
thoroughly satisfactory to determine M as the intercept of a plot of F/(L™ 
— L-*) against (L — 1). 


REFERENCES 


1 Martin, G. M., Roth, F. L., and eng R. D., Trans. Inst. Rubber Ind. 32, 189 (1956) ; Rusper Cue. 
& Tecunou., December issu 

2 Wood, L. A A. J. Wash. Acad. Sci. vat, ei (1957); Ruspper Cuem. & TecuNnou., December issue, 1958. 

"Sheppard, 4: sat and Clapson, W oi Ind. Eng. Chem. 24, 782 (1932) ; Rupper Cuem. & TECHNOL. 6, 

4 Treloar, L. e G., Trans. Faraday Soc. 40, 59 (1944); Rupper Cuem. & TecHNot-. 17, 813 (1944). 

6 Rivlin, R. 8., and Saunders, D. W., VII, Phil. Trans. Roy. Soc. London A243, 251 (1 951). 

* Treloar, L. R. G., “The Physics of Rubber Elasticity’’, Oxford University Press, London, 1949. 

7 Treloar, L. R. G! “Structure and Mechanical Properties of Rubber-like Materials”, Chapter 5 in “Die 
Physik a Heche meren’’, Vol. IV. Edited by H. A. Stuart, Springer-Verlag, Berlin, 1956. 

* Forster, M. J hys. 26, 1104 (1955). 

® Mooney, Mo Pom 4 gins 1l, 582 (1940). 

Rivlin, R. 8., Phil. Trans. Roy. Soc. London A240, 459 and 491 oom. 

Rivlin, R. 8., and Saunders, W., Trans. <a Soc. 48, 200 (1952). 

12 Gumbrell, 8. M., Mullins, ‘.. and Rivlin, R. 8., Trans. Faraday, Soc. 49, 1495 (1953); Ruspper Crem. 
& TECHNOL. 28, 24 (1955 

4 Rivlin, R. 8., and Thomas, A. a, J. planes Sci. 10, 291 (1953). 

“ Thomas, A. tl J. Polymer Sci. 18, 177 A ay 

16 Greensmith, H. W., and Thomas, x. G., ae Sci. 18, 189 (1955). 

16 Blackwell, R. F., Trans. Inst. Rubber iy 28, 75 (1952); Rusper Cuem. & TEcHNOL. 25, 430 (1952). 

17 Thomas, A. G., “Trans. Faraday ey $1, 569 (1955). 

18 Charlesby, A., and von Arnim, E., J. Polymer Sci. 25, 151 (1957). 

1 Bueche, A. M., J. Polymer Sci. 19, 297 (1956) 

% Gee, G., Trans. Faraday Soc. 42, 585 (1946) ; Rusper Cuem. & TECHNOL. 20, 442 (1947). 

a Gent, A. N., and _— + . Proc. Phys. Soc. London 7 118 (1952). 

" Baldwin, F. P., naay Se se - one Anthony, R. L., J. Appl. Phys. 26, 750 (1955); Rusaper Cur. & 
TECHNOL. 29, 227 (19 
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INTRODUCTION 


Two theoretical treatments of the physics of solid fracture have so far been 
successful. The first was Griffith’s' quasi-static rupture criterion for brittle 
solids, based on the balance between strain energy and surface energy. This 
has since been extended empirically to ductile? and to highly elastic’ materials 
by adding (to the surface energy) a term representing the plastic or anelastic 
energy consumption. 

Secondly, there is the extension of Griffith’s theory to dynamical conditions* 
essentially using Mott’s treatment®, which indicates that the maximum fracture 
velocity attainable is a calculable fraction of the velocity of longitudinal elastic 
waves in the material. 

Between these two limits lie many experimental observations with no quanti- 
tative theoretical basis. Thus, it is possible in many materials to obtain macro- 
scopically steady fracture propagation by suitable adjustment of the boundary 
conditions. This has been achieved, for example, by Greensmith and Thomas® 
for rubber, by Hirata’? and Roesler® for glass, and by Benbow and Roesler® for 
plastics. The latter workers dealt principally with quasi-static conditions, but 
Greensmith and Thomas were able to control fracture speed and thus investigate 
the variation in energy consumption (‘‘characteristic energy for tearing’’) with 
the rate of propagation. For macroscopically steady tearing they found a 
direct relationship between fracture energy and rate, but as the rate varied the 
appearance of the torn surfaces varied, progressively smoother surfaces being 
obtained as the rate increased. 

Such variation in the contour of fracture surfaces have been widely used in 
the interpretation of fracture phenomena, particularly in metals, plastics, and 
glasses, as discussed in the next section. The main purposes of the present 
paper are to describe some observations of tearing in rubber at speeds approach- 
ing the speed of sound; to show how the fracture markings on the torn surfaces 
are associated with changes in the rate of tearing; and to examine how far the 
maximum tearing rates observed agree with the values predicted by the Mott 
theory. 


INTERPRETATIONS OF FRACTURE MARKINGS 
ON BRITTLE SOLIDS 


Examination of the fracture surfaces of solids by Kies, Sullivan, and Irwin’ 
indicated that the propagation of fracture was essentially a discontinuous proc- 
ess, the gross patterns observed being determined by the boundaries of separately 
initiated fracture surfaces. The solids examined included brittle and ductile 
materials: polycrystalline metals, plastic, and ionic crystals. Many features 


* Reprinted from the Journal of Applied Physics, Vol. 28, No. 8, pages 1146-1150, August 1958. 
13 








14 RUBBER CHEMISTRY AND TECHNOLOGY 


were common to the whole range of materials, e.g., parabolic markings with an 
evident fracture-origin close to the focus, and sword-tip (“ensiform’’) markings 
where one fracture element is crowded-out by adjacent, faster elements. Kies, 
Sullivan, and Irwin were able to relate these general formations semiquantita- 
tively to the speed of propagation; in particular they found that with increasing 
speed the fracture surfaces in hardened steel became progressively smoother 
and contained fewer main fracture elements. 

Fracture markings in glass have received much attention (see, for example, 
the review by Stanworth"), but the interpretations put forward tend to be con- 
tradictory and confusing, largely because of the absence of any quantitative 
measure of the crack speed associated with any particular marking. Direct re- 
lations between fracture markings and fracture speed were, however, obtained by 
Schardin” in the course of his high-speed photographic studies of fracture in glass. 
He found that what he called the ‘‘normal”’ mode of fracture took place at speeds 
of about one-quarter to one-third of that of longitudinal elastic waves and pro- 
duced smooth fracture surfaces. Under certain conditions, e.g., at the start of 
fracture in a tensile test, or when discontinuous fracture occurs, the surface is 
rougher and the rate of propagation is reduced. In the extreme case when 
fracture proceeds simultaneously on different levels, the characteristic markings 
of rib and hackle are obtained and the speed is greatly reduced. 


EXPERIMENTAL ARRANGEMENTS 


Figure 1 shows schematically the arrangement used for producing fracture 
in thin rubber sheets. The specimen, approximately 25 cm long and 1 mm 
thick, was clamped on its two major edges with an initial clamp separation of 
about 1 em. By increasing this separation uniformly the specimens could be 
stretched to the desired extent substantially in a state of pure shear, departures 
from this condition occurring in the immediate vicinity of the clamps and the 
free edges. GR-S specimens had to be extended fairly rapidly, using a piston 
actuated by compressed air, and tested straight away to obviate tearing at the 
clamps. 

Fracture could then be initiated by cutting into the material at the center of 
a free edge, and it was found that the resulting crack invariably propagated 
linearly along the axis. Progress of the crack was recorded on 16 mm film at 
approximately 2000 frames per second. 
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Fic. 1.—Experimental arrangements. 








HIGH SPEED FRACTURE 
EXPERIMENTAL OBSERVATIONS 


Systematic measurements have been made on natural and synthetic 
(GR-S) rubber vulcanizates, these typifying polymers which do and do not 
crystallize, respectively, at large strains. A representative example from each 
type will be described in detail. 

Figure 2 shows a distance-time curve for fracture in GR-S which produced a 
range of surface characteristics. The principal extension ratio in this test was 
1.8. In the early part of the test the crack proceeds somewhat erratically at a 
speed falling from about 6 m/sec at the outset to a fairly steady 1 m/sec. The 
initially smooth surface develops a fine “‘level difference line’, in the terminology 
of Kies, Sullivan, and Irwin, indicating that fracture is taking place on two 
planes simultaneously ; these planes rapidly diverge and become scalloped, the 
surface appearance being very rough as shown in Figure 3(a), (this being in the 
1 m/sec range as shown by the A on Figure 2). 
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Fig. 2.—Crack propagation in GR-S. 


This slow, rough propagation appears to be unstable and the surfaces be- 
come progressively smoother [Figure 3(b) ] as the fracture accelerates to about 
10 m/sec. Although this is apparently an equilibrium state, the seeds of in- 
stability are still present as shown by the sword-tip level lines developing in 
Figure 3(c): the line of intersection of the sword tips suddenly deepens 
[Figure 3(d)] and forks [Figure 3(e)] producing a surface similar to the 
original, and the tip is actually brought to a half for a period of a little less than 
a milliscecond. 

After this interruption the fracture proceeds steadily at a constant 13 m/sec, 
apparently the ‘normal velocity” for these test conditions, until almost the 
end of the test. The surfaces throughout this steady tearing are fairly smooth 
[Figure 3(f)] although there are signs of incipient sword-tip development. 
Tearing at lower extension ratios produced progressively coarser surfaces, 
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whereas a test at a principal extension ratio of 3.0 gave smooth surfaces and 
completely steady tearing throughout. 

A test on natural rubber is illustrated by the distance-time curve in Figure 4. 
It should be noted that the extension ratio here (approximately 5.3) is much 
greater than in the GR-S examples already quoted. Nevertheless, the tendency 
towards instability, in the sense of a stepped formation where the fracture 
proceeds on different levels simultaneously, is very high. Figure 5(a) shows 
the irregular fracture surface near the start of the test where tearing is proceed- 
ing at about 8 m/sec. The magntitude of the steps gradually decreases as the 
fracture accelerates, until fairly smooth tearing [Figure 5(b)] is attained at a 
speed of 23 m/sec. This rate is not maintained for long, however. Fracture at 
the center of the specimen develops in a different plane from the edges, forming 
a tongue or web across the extended tip: the start of this formation can be seen 
in Figure 5(b). As the fracture planes diverge the tear slows down until the 
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Fie. 4.—Crack propagation in natural rubber. 


tongue suddenly snaps, leaving the truncated triangular fracture marking which 
seems to be characteristic of natural, or possibly of any crystallizing, rubber. 
The tear then speeds up and slows down alternately until the end of the test, 
never being completely free from development on different levels and the 
formation of tongues. This is shown strikingly, for instance, by Figure 5(c). 
Further similarities between the fracture surfaces of rubber and glass were 
evident in the surfaces produced by tensile failure at room temperatures. 
Natural rubber in particular showed a typically glassy break, as in Figure 6(a), 
with smooth surfaces separated by a few conchoidal steps: in many instances 
the smooth surfaces showed the transition from gloss to mist as in Figure 6(b). 
GR-S showed similar effects, although the steps were generally much less pro- 
nounced. It should be noted that the fractures were not produced by excep- 
tionally high-speed elongation so that the strain-energy density at break in the 
GR-S.was an order of magnitude lower than that in natural rubber. Figure 7 (a) 
shows a typical GR-S fracture, while Figure 7(b) illustrates a more exceptional 
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Fig. 5.—Fracture surfaces in natural rubber. 


example where the failure clearly originated at an edge and showed a radial pat- 
tern of fracture markings characteristic of a brittle solid. 


DISCUSSION 


It is clear from the typical data presented above that for given boundary con- 
ditions and strain-energy density there is a ‘“‘normal velocity” for the smooth 
propagation of a fracture inrubber. There is also a tendency, as with glass, for 
the fracture to develop on two or more surfaces simultaneously, forming stepped 
markings which are the rubberlike analogies of rib or hackle. When these 


multiple fractures develop there is a considerable slowing down on the crack 
front, occasionally even to the point of a complete halt. 

When the fracture is propagating at a velocity lower than the maximum, its 
speed will be related both to the fracture energy and to the roughness of the 
surface. Thus during the test on GR-S illustrated by Figure 2, the rate in- 
creases by a factor of about twelve, the available fracture energy remaining 
constant but the mode of propagation changing as shown by the decrease in sur- 


Fria. 6.—Tensile fracture in natural rubber, 


Fia. 7.—Tensile fracture in GR-S. 
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face roughness. It should be remarked that rates between the maximum and 
very low values are generally observed as macroscopic average rates. Propaga- 
tion in this range may be, as Schardin concluded from his work on glass", a suc- 
cession of halts and progressions at the maximum velocity, just as in the latter 
part of Figure 2, but generally on a greatly reduced scale. 

It is tempting to pursue the analogy with glass and to regard the high-speed 
tearing of rubber as a case of brittle fracture. This is the viewpoint adopted by 
Bueche and White" on the basis of the agreement between the observed crack 
speeds in the tensile failure of silicone rubber and the value predicted by theory 
for an ideally elastic homogeneous medium with the same moduli. 

This view can be supported by the present work on GR-S gum stocks. Thus 
Table I lists the ratios of the maximum observed tearing velocity to the elastic 
wave velocity normal to the direction of tear. The elastic wave velocity was 
deduced from measurements of the wavelength of 500 cps longitudinal waves 
propagated along stretched filaments of the rubber, using the technique origi- 
nated by Ballou and Silverman!®. This does not give an exact comparison with 
the ratio 0.38 deduced from the Mott theory by Roberts and Wells®, because 
rubber shows velocity dispersion and the 500 eps figure is a purely arbitrary 
choice; nevertheless it is seen that GR-S agrees with the theoretical prediction 
as well as glass or steel. 

The behavior of natural rubber is clearly anomalous on this picture. This 
may be due partly to the high degree of modulus anisotropy developed at the 
extension ratios used in tearing this material, which would invalidate the energy 
calculations leading to the ratio 0.38. 

It should also be emphasized that rubber is not ideally elastic, especially in 
the region of strain approaching breaking point, and the analogy with brittle 
fracture, although useful in that it may lead to an explanation of the observed 
maximum speeds of perfectly smooth crack propagation, could be misleading 
if the slightest step formation occurred at high strains since the consequent 
energy dissipation could be very much greater than for glass. 

In this respect a better analogy is with anelastic materials such as poly- 
crystalline metals. Gilman!® has calculated the energy dissipated in plastic 
deformation at a step and obtains values of the order of 10° ergs/sq cm of frac- 
ture surface for a typical step height of 1000 A. The work required to produce 
a unit area of fractured surface thus greatly exceeds the surface energy. This 
is also the case for rubber* where the hysteretic loss in the highly sheared ma- 
terial around the step apparently takes the place of the energy dissipated by 
plastic shearing. 

The general pattern of fracture propagation in both normal and highly 
elastic solids would appear to be as follows. First, at low speeds, a mode of 
quasi-static propagation, generally with smooth surfaces, obtained by carefully 


TABLE I 


Ratio oF Maximum VE.Locity oF Crack (TEAR) PROPAGATION 
to LONGITUDINAL E.Lastic WAvE VELOCITY 


GR-S gum (extension ratios 1.8 to 2) 0.18 to 0.27 
GR-S gum (extension ratio 3) 0.31 
Natural rubber gum (extension ratio 6.5) 0.03 
Glass* 0.29 
Steel* 0.20 to 0.40 
Cellulose acetate* 0.27 


* Data collected by D. K. Roberts and A. A. Wells®. 
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controlling the boundary conditions to maintain the stability of the stress dis- 
tribution around the leading edge of the fracture and hence the steadiness of the 
propagation. Secondly, there is the region of more or less unsteady propagation 
in which rough surfaces are produced and an average rate of propagation is 
obtained as a compromise between the tendency to accelerate to an upper limit 
(as in the third region) and the tendency to instability, i.e., for the fracture to 
develop on two or more planes, and to use the available energy in shearing be- 
tween these fracture planes. Thirdly, there is a region where the speed of 
propagation is a maximum (excluding shock wave phenomena), being limited 
by the speed of elastic waves in the material as in Mott’s theory. 


SUMMARY 


Cinematographic observations have been made of crack propagation under 
well-defined boundary conditions in rubbers at speeds up to 30 m/sec. The 
fracture-markings showed resemblances to those obtained with metals, plastics, 
and glass, and could be related directly to the corresponding speed of fracture- 
propagation. In close analogy with Schardin’s observations on glass, a non- 
crystallizing rubber (GR-S) showed a mode of crack propagation in which the 
fractured surfaces were visually smooth and the speed was about one quarter of 
the speed of longitudinal elastic waves. A crystallizing rubber (natural rub- 
ber) did not show this mode of propagation under the present test conditions. 
It is suggested that the modes of solid fracture can be usefully classified in three 
categories: (i) slow propagation, generally with smooth surfaces, obtained by 
careful control of the boundary conditions; (ii) propagation at intermediate 
rates with rough surfaces, involving correspondingly greater energy consump- 
tion; and (iii) fast propagation with smooth surfaces, the rate of propagation 
being limited by the speed of elastic waves in the material in accord with Mott’s 
theory. 
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INTRODUCTION 


The propagation of elastic waves in plates and rods has very often been in- 
vestigated theoretically and experimentally. In these investigations the main 
interest was either in the determination of the elastic constants of the material 
of the sample, or in finding the influence of the geometrical dimensions of the 
plate or rod respectively on the sound propagation within it. In the first case 
care must be taken to obtain a simple relation between the propagation con- 
stants and the elastic constants of the material. For instance from velocity 
and damping of extensional or flexural waves in thin plates and rods (wave 
length at least 6 times as large as the thickness of the plate or the linear dimen- 
sions of the cross section of the rod respectively), Young’s modulus and its loss 
tangent can be calculated by means of simple formulas. 

Measurements and calculations of the propagation of elastic waves in plates 
and rods, aimed at investigating the effect of geometry, have been made up to 
now only with metal plates and metal rods with rectangular, square or circular 
cross sections'->. The use of metal for the investigations has two substantial 
advantages: the loss tangent is very small (usually less than 10~*) and thus 
allows a very exact determination of resonant frequencies and the elastic prop- 
erties are mostly independent of frequency and hence also the velocities of the 
pure transverse and the pure longitudinal wave. In this case the phase velocity 
of a certain type of wave in samples of the same shape of cross section is a func- 
tion of the ratio d/X alone, where d means a linear dimension of the cross section, 
e.g., the diameter in the case of cylindrical rods or the plate thickness, respect- 
ively, and A the wave length. 

These advantages are absent when measurements are made with materials 
having large loss tangents and elastic properties which alter with frequency. 
Such materials are, for example, elastomeric materials such as soft rubber and 
numerous plastics. Measurements of the sound propagation in such materials 
are reported in many publications too, but there the interest was nearly exclus- 
ively directed towards the determination of the elastic constants. The present 
paper deals mainly with the influence of the geometry of the samples on the 
propagation of elastic waves. When compared with the conditions in metals 
substantial differences exist—in addition to the frequency dependence of the 
elastic constants and the large loss tangents already mentioned—also due to 
the fact that the numerical values of Lamé’s constants A* and yu differ by several 
orders of magnitude from each other (for soft rubber A*/y ~ 4000, while for 
aluminum A*/y = 2.3). The corresponding loss tangents moreover differ 
largely from each other, and always m, < ny. 


* Reprinted from Acustica, Vol. 8, No, 2, pages 65-76 (1958). 
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The damping of elastic waves in general is determined by both these loss 
tangents 7, and n,. For some simple cases (extensional wave, plane shear and 
longitudinal waves) their influence may be expressed by a loss tangent of the 
experimentally determined elastic constants as, e.g., Young’s modulus and 
“sound stiffness’ as discussed in detail by Skudrzyk®. 


THEORETICAL CONSIDERATIONS FOR WAVE 
PROPAGATION IN PLATES 


For the determination of the propagation of elastic waves in solid plates of 
infinite extension, the assumption of obliquely propagating wave fronts has 
proved very suitable. This model yields exact results for propagation in iso- 
tropic media with negligible losses. The latter fact, of course, cannot be as- 
sumed in our experiments but in spite of that, this method may be mentioned 
here. A detailed representation has been given, e.g., by Schoch’*. 

The conditions are simplest when consideration is first given to a medium 
without shear tensions (u = 0), e.g., for a liquid’. The boundary conditions, 
demanding vanishing sound pressure at the two plane surfaces—having a 
distance d from each other which is equal to the thickness of the plate—lead to 
the following equation for the angle ? between the plate-normal and the wave- 
normals of the two symmetrically incident waves: 


sin (F cos) cos (F sin 0) = 0 


nr 
cost, = kd for n = 0,1,2 


with the solutions 


From the angle of incidence of the obliquely propagating waves, we immediately 
get the trace velocity of the waves which means the phase velocity of the 
“‘plate-wave” along the surfaces 


where c is the velocity of the longitudinal waves, and k their wave number. 
For the phase velocities of the different types of waves we thus get the hyper- 
bolas represented in Figure 1. 

The result can be easily understood since the crossing waves form a standing 
wave pattern in the direction normal to the plane of symmetry, so that the 
boundary condition of vanishing pressure is fulfilled periodically in parallel 
planes, the distances between which are given by the angle of incidence. Vice 
versa, the distance between these planes, which is given by the thickness of the 
plate, determines the discrete angles of incidence and therewith also the trace 
velocity (phase velocity of the “plate-wave’’). For parallel incidence (corre- 
sponding to infinite plate thickness) the latter is equal to that of the longitudinal 
wave, while it is infinite for the case of normal incidence (corresponding to a 
thickness equal to half a wave length). This means displacements with equal 
phase along the direction of propagation. The course of the phase velocity 
between these limiting cases is given by the hyperbola already mentioned 
above. The limit of infinite phase velocity determines a minimum thickness 
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Fic. 1.—Phase velocity v of free waves in a ‘‘plate’’ without shear tension (u =0) (according to 
Tamm’); c sound velocity, f frequency, d thickness of the “‘plate’’. 


. 


of the plates or cut-off frequency respectively below which no progressive 
wave can occur but only displacements with equal phase decreasing expo- 
nentially with distance. This “suppression’’-attenuation given thereby in- 
creases with decreasing thickness or decreasing frequency respectively. The 
wave form can be described by a superposition of two plane waves with imagi- 
nary values of 3?,. Waves with phase velocities smaller than that of the longi- 
tudinal waves are not present. 

The equation for the phase velocity can be written in a form which is well 
suited for checking the experimental results. If the limiting frequency f, 
and the corresponding wave number k,, of the wave type n is introduced by the 
condition 


nT F ne 
——_z#1], 10, Jn = - 
kd 2d 
we get 


This is the equation of a straight line with the slope 1/c’, if the square of the 
measuring frequency is plotted along the abscissa and the reciprocal of the 
square of the experimentally determined wave lengths along the ordinate. 
The relation also holds for propagation in rods with arbitrary cross sections. 
The measurements made with rods of rubber, which are described later, have 
been evaluated according to this method. 

In infinitely extended media capable of bearing shear forces two types of 
waves can occur which propagate independently from each other in the case of 
small amplitudes: the transverse wave (shear wave) with the phase velocity 


cr = Vu, p (p density of the medium) 
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and the longitudinal wave with the phase velocity 
cL = V(A* + 2u)/p 


While in infinite media both types of waves occur independently, the boundary 
conditions at plane surfaces (vanishing stress- and shear-tensions) can be ful- 
filled only by superposition of both types. If a plane wave of one type hits 
the surface, in addition to the reflected wave of the same type (angle of inci- 
dence equal to angle of reflection) a reflected wave of the other type is observed, 
the angle of reflection of which is given by the condition of equal phase velocity 
along the boundary surface. Besides the angle of reflection, amplitude and 
phase of the additional wave are also determined by the boundary conditions. 
In addition further heterogeneous waves (Rayleigh’s surface waves) occur near 
the boundaries. 

If now the propagation in plates (of thickness d) is considered, the boundary 
conditions have to be fulfilled at two opposite boundary surfaces as in the case 
of the medium without shear tensions. Using the abbreviations 


‘q = (cr/ez)* and s = (cr/v)* = sin? B 


this yields* the two equations 


for symmetrical modes: 


wate i — 8 — fee 
er ___ 4s¥1 — svg — 3 
(1 — 2s)? 








tan Sq — 5 


for antisymmetrical modes: 


wd - 
tin oo the on 
_ 2cr aii 4sV1 — sVq —8 


~ (1 — 2s)? 








ua v1 — 8 
2cr 


where is the angle between plate normal and direction of propagation (i.e., the 
angle of incidence) of the transverse waves. 
The roots of the equations thus determine the phase velocities 


v= er/Vs = cr/sinB 


of the different kinds of plate waves, if the properties of the material and the 
thickness of the plate are given. 

An evaluation of the equations can only be made numerically which has 
been done for example by Firestone! for aluminum plates with ¢ = 0.35 (see 
Figure 2). The results have been stated by Schoch® with measurements of the 
transmission of sound through plates. Since the nodal planes of the stress (or 
pressure) distribution of the two fundamental types forming the plate wave are 
no longer (as those of the ‘‘compressional’’ wave in the case of a liquid) situ- 
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Fic. 2.—Phase velocity v of free waves in solid plates with a Poisson’s number ¢ =0.35 (according 
to Firestone’) ; cr velocity of transverse waves, f frequency, d thickness of the plate. 


ated on the boundary surfaces (for this purpose each type of wave ought to 
fulfil the boundary conditions separately), the thickness of the plate no longer 
corresponds to half a period of a sinusoidal pressure distribution or a multiple 
of it. 

The course of the phase velocity deviates from the hyperbola. Only for 
the case of normal incidence can the boundary conditions be fulfilled for each 
type of wave separately, so that the cut-off frequencies of the longitudinal waves 
are unaltered and harmonic. They are completed by corresponding cut-off 
frequencies of the shear waves. Asa whole we get the well known rather com- 
plicated picture of the dispersion curves which is shown in Figure 2. It may be 
mentioned that here also waves with phase velocities can occur which are 
smaller than those of the longitudinal waves. These waves are superpositions 
of plane shear waves and inhomogeneous longitudinal waves. The lower limit 
for the phase velocity of superpositions of this type is the velocity of the shear 
waves. A difference from the medium without shear tensions is given by the 
occurrence of extensional and flexural waves, i.e., of waves without cut-off 
frequency, the phase velocity of which depends only to a small extent on the 
dilatational stiffnessA*. It runs from a value somewhat higher than the velocity 
of the shear waves or zero respectively to that of the Rayleigh waves; the latter 
being smaller than the velocity of the shear waves means that in this case the 
shear wave component, too, is inhomogeneous. 


WAVES IN ELASTOMERIC MATERIALS 


In the present paper the equations have been evaluated for the value o = 
0.47 for Poisson’s ratio. The resulting picture (see Figure 3) is much clearer 
than that for metals with a Poisson’s ratio of ¢ = 0.35. This is due to the fact 
that the lowest limiting frequency calculated from the shear-wave-velocity is 
much lower than that from the longitudinal-wave-velocity. The course of the 
phase velocity of the different types of waves may be understood as follows. 
Below the lowest “longitudinal-wave-limiting-frequency” the compressibility 
of the material is of little influence, so that the phase velocity is determined 
almost exclusively by the shear modulus. The shear modulus on the other 
hand is so small that above this limiting frequency the excited waves scarcely 
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deviate from the longitudinal waves in plates without shear tensions though, of 
course, the waves are superpositions of longitudinal and shear waves. Only for 
values of d/X for which large amplitudes of the shear waves are necessary to 
fulfill the boundary conditions (thickness-resonance) do the waves behave with 
respect to the phase velocity like pure shear waves in an incompressible medium. 
This alternating influence of longitudinal and transversal components produces 
the steplike course of the phase velocity. 

Above the limiting frequency of the longitudinal waves, a phase velocity 
fluctuating largely with frequency should be expected. Experience, however, 
shows that the large number of dispersions is not found experimentally. This 
is obviously due to the attenuation which increases so much near the dispersion 
frequencies that the corresponding wave types are damped out and cannot be 
measured. The increase of attenuation is caused by the higher energy losses 
of the shear component which here overcomes the longitudinal one. Apart 
from these small regions the attenuation is determined by the loss factor of the 
longitudinal waves. 

Whereas in plane waves a constant loss tangent means constant energy loss 
per wave length, the attenuation of the plate waves increases with phase veloc- 
ity. The reason, of course, is that, corresponding to the reduced group velocity, 
the energy is propagated more slowly, so that the energy loss per period, given 
by the loss tangent, is effective within a smaller distance so that the energy 
decreases more rapidly with distance. This process can be understood also 
from the picture of the superimposed obliquely propagating waves, if we take 
into consideration that the boundary conditions cannot be fulfilled with plane 
damped waves, but that additional inhomogeneous waves of the kind of the 
surface waves are necessary which are described mathematically by complex 
angles of incidence. Physically this process also can be taken as the increased 
attenuation in the vicinity of a transverse resonance. In the case of the plate 
without shear tensions we therewith are able to determine the loss tangent in a 
simple way also from the values of the attenuation in regions of strong disper- 
sion near the limiting frequency. The influence of the loss tangent can be 
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Fia. 3.—Phase velocity v of free waves in solid plates with a Poisson’s ratio of ¢ =0.47; cr velocity 
of transverse waves, cy velocity of longitudinal waves, cr velocity of Rayleigh’s surface waves. 
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easily seen in those cases when the propagation process is determined by one of 
the two wave types only. Phase velocity and attenuation of the extensional 
wave are given by Young’s modulus and its loss tangent. These two values 
are composed® in a simple way by Lamé’s constants (A* and yu) and their loss 
tangents. For soft plastics (¢ ~ 0.5) Young’s modulus is mainly determined 
by the shear modulus (uz) and its loss tangent is practically equal to that of the 
shear modulus. 

If on the other hand both types of waves participate to more or less the same 
extent in the formation of the wave mode, the attenuation is determined in a 
rather complicated way by both the loss tangents. For the calculation of the 
attenuation in the most general case it is necessary to calculate the distribution 
of the potential energy of the compressions and the distortions separately and 
to determine the energy losses from the corresponding loss tangents. This cal- 
culation has not been made in detail up to now. 


MEASURING APPARATUS 


In contrast to the calculations which could be made exactly only for the case 
of plates, the measurements have been made with rods of square cross section, 
which is much easier than with plates. It is difficult to excite plates at one of 
their edges with uniform amplitude and phase along this edge. An excitation 
of this kind was realized by Kuhl and Meyer® by exciting a U-profile iron driver 
in its lowest cross sectional resonance. In this resonance both sides of the 
cross section vibrate with opposite phase while the central part is exposed to 
bending moments. For the measurements, a strip of rubber which was so 
wide that it could be looked upon as an infinite plate was fixed with one of its 
edges at one side of the profile iron, the latter being excited to the mentioned 
resonance vibration. This method, however, only allowed measurements at 
single frequencies, while in the present work a very large frequency range (0.1 
to 300 ke/s) should be investigated. 

Fortunately the experimental results with rods may be compared with the 
theoretical results for plates at least qualitatively, because it is known from cal- 
culations for rods of circular cross section which can be and have been made 
exactly?’ that here the dispersional behavior of the different wave types qualita- 
tively agrees with that in a plate. 

The apparatus which was used in the frequency range | to 300 kc/s is very 
similar to that used by Kuhl and Meyer. The scheme is given in Figure 4. 
The excitation of the rubber rods to vibrations in the longitudinal direction was 
made from one end. For this purpose the rods were connected at their front 
surfaces with an aluminum block, having the same cross section and about 2 
em length. The aluminum block was fixed on a transmitter for structure- 
borne sound. In the range 3 to 300 ke/s a piezoelectric system was used as a 
transmitter, which mainly consisted of a block of Rochelle salt plates. In the 
frequency range below 3 ke/s the amplitudes of this system were too small to 
get a sufficient excitation, so that here a moving coil transmitter was used, the 
coil of which bore a conical coupling mass of aluminum. 

To reduce the radiation of air-borne sound, both systems had to be sur- 
rounded by thick-walled capsules of aluminum. The space between capsules 
and systems was filled with sound absorbing materials. The systems were sup- 
plied by an RC-generator with power amplifier with an output power of 80 
watts for frequencies below 20 ke/s and 15 watts above 20 ke/s available. 

To pick up the vibrations of the rod it was plunged slowly into (or drawn 
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Worm drive motor 





Sound absorbing lining 


Fie. 4.—Scheme of the apparatus for phase velocity and damping measurements. 


out of) a water-filled vessel, 40 cm in depth, within which a hydrophone was 
arranged. If now the rod is excited to elastic vibrations from its upper end an 
elastic wave travels a varying distance along the rod where it is attenuated by 
the losses of the material, so that its vibration amplitude at the surface of the 
water is altered correspondingly. The part of the rod under water now radiates 
sound energy into the water by its contraction and a sound pressure is generated 
at the hydrophone which is linearly composed of the sound waves coming di- 
rectly from the rod and those reflected from the surface and the walls of the 
vessel. This sound pressure is therefore proportional to the vibration amplitude 
at any point of the sound field, e.g., the cross section of the rod at the surface 
of the water, if the sound distribution in the rod and in the water volume does 
not alter during the motion of the rod. This is fulfilled if the lower front side 
of the rod does not radiate sound. The attenuation in the rod therefore must 
be so large that no measurable sound energy reaches the lower end of it. More- 
over the rod must not move in a transverse direction and the conditions of prop- 
agation within the vessel must not be altered by the differences in the depth of 
immersion of the rod. For this purpose all walls of the vessel were lined with a 
sound absorbing layer of the ‘“‘Fafnir’’-type (described by Meyer and Tamm’) so 
that the alteration of the sound absorption within the vessel caused by the 
varying length of the rod was negligible compared to the constant absorption of 
the lining. 

With the mentioned conditions fulfilled, this measuring method has the ad- 
vantage when compared with other methods using vibration pickups brought 
into direct contact with the specimen at different places, that a completely 
uniform and reproducible contact between bar and microphone is secured. 
With vibration pickups in direct contact with the specimen, it is difficult, 
especially in the case of measurements at high frequencies and phase measure- 
ments, to get reproducible conditions. 

The measuring vessel filled with water was surrounded by another vessel 
filled with a liquid of controlled temperature so that measurements could be 
made under constant conditions. For all measurements the water temperature 
was kept constant at 20° C. Thus the specimen, too, had a temperature of 
20° C, since it was taken out of the water only for a short time and since its 
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temperature altered only very slowly if the room temperature differed from 
20° C. Figure 5 shows a photograph of the measuring vessel with the rod of 
rubber, the exciting system and the driving mechanism for the movements of 
the rod. 

The output voltage of the hydrophone was amplified by means of a resonance 
amplifier and a heterodyne amplifier and recorded by means of a level recorder. 
A high selectivity of the receiving set is necessary to suppress the harmonics 
produced especially by the piezoelectric transmitter, which are disturbing when 
the attenuation within the rubber rod is large for the basic frequency and small 
for its harmonics. Moreover the vertical amplifier of an oscilloscope is con- 
nected with the resonance amplifier, while the voltage of the RC-generator is 
given to the horizontal plates, thus allowing measurements of the phase shift 
between transmitter and receiver voltage and measurements of the wave length 
on the bar when the latter is moved. The rubber bar together with the trans- 
mitter is moved vertically (velocity 0.2 or 0.4 mm/s) by means of a worm drive 
coupled to a synchronous motor. The decrease of the amplitude on the bar 
occurs exponentially so that the level recorder records—on a logarithmic scale— 
a straight line from the slope of which and the transport velocity of the paper 
(0.01 to 1 mm/s) the attenuation (db/em) can be determined. 


Fie. 5.—View of the measuring vessel. 
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As already mentioned, this procedure can no longer be applied when the 
attenuation within the rods becomes so small that a considerable part of the 
sound energy reaches its lower end and is reflected there or radiated into the 
liquid. With the special sorts of rubber investigated we thus got a lower fre- 
quency limit of about 1 kc/s. To extend the measuring range to frequencies 
below 1 ke/s some resonance measurements have been made in addition. The 
excitation of the rod which was supported by two stretched steel wires was made 
without mechanical contact by means of an electromagnetic system acting on a 
small iron plate fixed at the front of the bar so that the latter was excited to 
vibrations in longitudinal direction. The vibrations were detected electro- 
statically by using the other end of the bar, which had been made conductive, 
as the moving electrode of a condenser microphone. The measurements were 
made by continuously altering the frequency of excitation and recording the 
amplitude with a level recorder, the resulting resonance curves being evaluated 
with respect to resonant frequency and half energy width. The lowest resonant 
frequency for extensional waves of the rod, 30 cm in length, was 70 ¢/s in the 
case of the softest rubber type. 

Because of the relatively high loss tangent of the extensional waves used in 
this experiment (n ~ 0.1) the additional losses caused by the support of the 
rod and the radiation of air-borne sound do not need consideration. 


EXPERIMENTAL RESULTS 


The final experiments were made with five different types of rubber. Of 
these types, two were based on synthetic and three on natural rubber each type 


having a different degree of hardness which has been given in terms of DVM- 
hardness. DVM-hardness is a measure which is used in addition to the Shore- 
hardness to characterize the elasticity of rubber and plastics. It is determined 
by means of a metal sphere, 10 mm in diameter, which is pressed on to a plate 
of 6 mm thickness of the material investigated on a rigid foundation, first with 
a weight of 50 g and then with an additional weight of 1000 g. The difference 
between the depths of penetration measured in hundredths of a millimeter gives 
the DVM-number. Thus the softer material has the larger DVM-number. 
The synthetic rubber compounds (neoprene) had DVM-numbers 25 and 65 
and the natural rubber compounds the numbers 25, 65 and 95. For each com- 
pound, one rod of 5 X 5 and another of 10 X 10 mm? cross section were meas- 
ured, their length being about 30 cm. Typical examples for the experimental 
results with respect to attenuation and phase velocity are given in Figure 6. 
Figures 6a and 6b show the results found with a hard rubber compound, Figures 
6c and 6d with a soft compound. 

We found out that for all rubber compounds investigated, the whole fre- 
quency range of the experiments from 0.1 to 300 kc/s can be subdivided into 
four parts which differ from each other with respect to the courses of phase 
velocity and attenuation. The limits of these ranges depend on the type of 
rubber and on the cross section of the rods. 


The lowest part of the frequency range is characterized by attenuation 
wile phase velocity being equal for both rods of different cross section of each 
rubber compound within the limits of measuring accuracy. The attenuation 
(measured in db/em) increases linearly or somewhat more than linearly with 
frequency. The phase velocity remains constant or shows a slight increase 
with frequency. We have here “genuine” extensional waves, the wave length 
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Fria. 6.—Phase velocity and damping of elastic waves in bars of two compounds of natural rubber for 
two different cross sections; @ @ @ phase velocity fx, ) damping a, (a) 5X5 mm?, hardness 25 


DVM, (b) 10 X10 mm?, hardness 25 DVM, (c) 5 X5 mm?, hardness 95 DVM, (d) 10 X10 mm?, hardness 95 
DVM. 


being at least 6 times as large as the diameter of the rod. Within this frequency 
range we can determine from the experimental values of attenuation and wave 
length a loss tangent which is characteristic for the material. We also can use 
the experimental values of the phase velocity to determine Young’s modulus. 

Since the loss tangent is comparatively large, the usual approximation 
formulas cannot be used for calculating it from the attenuation, but an exact 
relation must be applied derived from the solution of the wave equation for a 
damped wave propagating in the z-direction in a medium with a complex 
modulus (called ‘Sound Stiffness’) D(1 + zn) 


A (x,t) -_ Ave i(é ia) rpiwt = Ace i# Vel DU+in) zegivt 
For arbitrary values of n we then get the attenuation per wave length 
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This relation holds for all types of waves the phase velocity of which is propor- 
tional to the square root of an elastic modulus, e.g., for extensional waves and 
for longitudinal waves, but not for the calculation of the loss tangent from the 
attenuation of flexural waves. The relation given by this formula is represented 
in Figure 7. For small loss tangents (n? <1 we get the approximation 


aX " 

= 27.3n 
db 

With large loss tangents also the simple relation between frequency, wave length 

and phase velocity c = fA is no longer valid. From the equation for a damped 

wave propagating in the z-direction we get with A defined by e* = e?*'; 


=f 


This relation too is represented in Figure 7. 

2. For higher frequencies, i.e., smaller wave lengths, we may still use the 
term extensional waves, but here the geometry of the rod has a large effect on 
the measured attenuation of propagation and the latter therefore no longer 
depends exclusively on the material of the rod. Here the calculation of a loss 
tangent is fruitless and therefore the product aA was plotted as a function of 
frequency. Some experimental results for different rubber compounds and 
for two different cross sections are given in Figure 8. The plotting extends 
also over the frequency range (1) showing there a good agreement of the ad- 
values for both cross sections. At a ratio of \/d ~ 5 (for the larger cross sec- 
tion), the experimental results for rods of different cross sections deviate from 
each other. Both of them show linear increases but with different slopes, the 
rod with the larger cross section having the steeper one. The experimental 
results have been plotted as far as a finite wave length could be determined, the 
knowledge of which is necessary for the calculation of aA. The corresponding 
frequency gives the upper limit of the frequency range (2). 


10 









































10 20 DdBion-cn 
“a 


Fria. 7.—Loss factor 7 and ratio c/fX as function of the attenuation per wave length. 
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Kia. 8.—Damping in bars of soft rubber of two different cross sections. (a) Natural rubber, hardness 65 
DVM, (b) natural rubber, hardness 95 DVM, (c) neoprene, hardness 65 DVM. 


As can be seen from a comparison between the magnitudes of the pure ma- 
terial damping in the frequency range (1) and the damping additionally in- 
fluenced by geometry in the frequency range (2), the latter is considerably 
higher. The linear increase of aA with frequency seems worth mentioning and 
it would be of interest to find the reasons for this by means of theoretical con- 
siderations on the mechanism of the propagation of extensional waves in that 
frequency range within which the wave length is comparable with the diameter 
of the rod. Up to now, however, such considerations have not been made with 
success. 

The upper limit as well as the lower limit of this frequency range (2) not 
only depends on the cross section but also on the hardness of the rubber rod. 
While for the rod 10 X 10 mm? in cross section with hardness 95 DVM finite 
phase velocity only can be measured up to 7 ke/s, finite phase velocities are 
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observed in a rod with the hardness 25 DVM and the same cross section up to 
30 ke/s. This, of course, is a consequence of its larger phase velocity, i.e., 
longer wave length at the same frequency. The resulting ratio of the limiting 
frequencies (30:7) is not the same as the ratio of the phase velocities (300:25) 
because of the fact that the loss tangent of the harder rubber compound is higher 
than that of the softer compound. Therewith the constant ‘geometrically 
induced” attenuation of the ‘‘compressional wave” of the next frequency range 
(3) is only reached for higher values of d/A. This type of wave then predomi- 
nates because of its lower attenuation. 

3. The frequency range (3) is characterized by the infinite phase velocity 
of the “compressional wave” which means that the rod vibrates in equal phase 
atany point. This is obvious from a comparison between Figure 9a and Figure 
9b, which show the phase of the vibration along a distance of nearly 1 cm. 
Figure 9a shows the conditions for the extensional wave in the frequency range 
(2). Inthe immediate neighborhood of the upper end of the rod the transverse 
contraction is hindered because there the rod is connected to an aluminum 
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Fig. 9.—Phase shift between transmitter and receiver voltage dependent on the transmitting 
length of the rubber rod; (a) frequency range (2), (b) frequency range (3). 


block. Thus the phase velocity is increased here, but beginning at a distance 
of some millimeters, a constant value is observed which has been given as the 
result. Figure 9b holds for the “compressional wave” in the frequency range 
(3). There is no phase alteration along the small distance within which— 
because of the high attenuation—the vibration can be observed at all. 

In the frequency range (3) the attenuation (measured in db/cm) is nearly 
constant. Near the upper limit of this range, however, it decreases first slowly 
and then very steeply, the steep decrease being characteristic for the upper 
frequency limit of this frequency range. The same course is observed for the 
wattless attenuation when a liquid column with soft boundaries is excited to 
vibrations below its limiting frequency. This limiting frequency of a liquid 
column with square cross section and without losses in the liquid and at the 
boundaries is given by® 


with d being the edge length of the cross section and c the sound velocity in the 
free medium. Below the_limiting frequency the value of attenuation is given 
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and approximates to the constant value ao at very low frequencies: 


by the formula 


2 ao v2 
. = §.69 —— 
d db d 


This value does not depend on the properties of the liquid but only on the cross 
section of the liquid column. If this limiting value ap is calculated for the rods 
of rubber as if they were columns of liquid we get 


at 10 X 10 mm’ cross section: 38.5 db/em and 
at 5 X 5mm’ cross section: 77 db/cm. 


A comparison with the experimental results for those soft rubber compounds 
for which the constant attenuation could be measured over a larger frequency 
range, shows that within this range the elastic properties of the rubber can very 
well be put equal to those of a liquid. The somewhat higher attenuation ob- 
served is at least partly due to the losses of the material. The experimental 
values found by Kuhl and Tamm!® for water columns with soft boundaries also 
are somewhat higher than the calculated values in the range of the constant 
attenuation, which may be due to energy losses at the ‘‘sound-soft”’ walls. 

As was stated in the last section, the lower limit of the frequency range (3) 
depends on the softness of the rubber for rods with a given cross section. The 
upper limit on the other hand is given by the velocity of the longitudinal waves 
which is nearly independent of the softness of the material. We therefore get a 
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Fic. 10.—Dispersion of ‘‘compressional waves”’ in bars of rubbe * @) natural rubber, 
hardness 95 DVM, (b) neoprene, hardness 65 DVM 
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frequency range (3) with infinite phase velocity and nearly constant attenuation 
which is the larger the softer the rubber. 

4. In the frequency range (4) above the limiting frequency of the compres- 
sional wave once more a finite phase velocity can be measured and we find a 
dispersion curve which corresponds to that in a liquid and which begins with 
very large values of the phase velocity at the limiting frequency. This limiting 
frequency is about 210 ke/s for rods with 5 X 5 mm? cross section and about 
105 ke/s for the rods with 10 X 10 mm’ cross section, i.e., inversely proportional 
to the linear dimensions of the cross section as is to be expected for a liquid. 
With increasing frequency the phase velocity approaches asymptotically the 
phase velocity of longitudinal waves in an infinitely extended medium, which 
equals about 1500 m/s for all types of rubber investigated. 

Systematic deviations of the dispersion curves from their hyperbolic forms 
have not been found. A plotting of the experimental results in the above de- 
scribed way (1/\? as a function of f*) shows, at least for the softer rubber com- 














7 
Hardness 25 DVM 
~Y / \ 











4 
| 
| 
| 
| 


———— Hardness 65 DVM 














2 
ad 110 150 250 kc/s 300 


Fig. 11.—Loss tangent measured with ‘‘compressional waves”’ in bars of rubber (neoprene) of different 
hardness ; — calculated from ai, — calculated from acgr/f; O 10X10 mm?%, © 5 X5 mm! cross 
section. 


pounds, also quantitatively a good agreement of the phase velocity with that in 
water (see Figures 10a and 10b). The intersections of the straight lines with 
ordinate and abscissa give —1/d? and f,’, their slope 1/c? (c velocity of the 
longitudinal wave). 

The change of the attenuation connected with the dispersion is very steep 
and equals a factor of 100 for change of frequency of only some ke/s—depend- 
ing on the special type of rubber. It does not seem impossible to use this large 
alteration in attenuation for the construction of acoustic filters. 

In spite of this large alteration of the value of the attenuation, a nearly con- 
stant value for the loss tangent is obtained if the attenuation—measured in 
db/em—is multiplied by the quotient c,-/f and the loss tangent is calculated 
from this product (as from the produce ad as previously). By this method, the 
fact that the vibration energy travels with the group velocity is considered. 
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Fic. 12.—Loss tangent measured with “compressional waves”’ in bars of natural rubber of different hard- 
ness. ‘The values are calculated from acgr/f; O 10X10 mm?*, © 5 X5 mm! cross section. 


The results of the measurements have been plotted in Figures 11 and 12 
respectively. Figure 11 shows the loss tangent of the two synthetic rubber 
compounds. The values derived from the product ad are plotted for compari- 
son. Figure 12 shows the loss tangent of the three natural rubber compounds. 


It is larger the harder the rubber and falls between 0.01 and 0.05, i.e., it is con- 
siderably smaller than the loss tangent of the extensional waves. 
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Fria. 13.—Comparison between the theoretical course of the attenuation and the experimental results 
in bars of rubber (neoprene 10 X10 mm?, hardness 65 DVM). ag calculated for extensional waves (cp =85 
m/s, np =0.44), ay, calculated for longitudinal waves (cy =1590 m/s, 7, =2 . . . 3+107*), ag calculated for 
a liquid column below limiting frequency (cy =1590 m/s, 7 =0). 
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Figure 13 shows a comparison between the theoretical course of the attenu- 
ation in the whole frequency range and the experimental results secured with a 
rubber rod with hardness 65 DVM and a cross section of 10 X 10 mm?*. The 
solid straight line at low frequencies has been calculated for pure extensional 
waves with the constant loss tangent np = 0.44 and the constant phase velocity 
cp = 85 m/s. The calculated course of the blocking attenuation in a liquid 
column of the same dimensions is given by the cross section of the rod and the 
measured velocity for longitudinal waves in the infinitely extended medium, 
being 1590 m/s. For the attenuation of longitudinal waves calculated from 
the group velocity, a linearly increasing loss tangent 7, = 2 to 3 X 10~ has 
been assumed. 

The experimental results can be summarized by stating that for an excita- 
tion in the longitudinal direction the sound propagation in rods of rubber or 
plastics is determined by either extensional or compressional waves. At low 
frequencies only the extensional waves can be excited, so that phase velocity 
and attenuation are given by Young’s modulus (in the case of rubber almost 
entirely determined by the shear modulus) and its loss tangent. 

For high frequencies the attenuation of the ‘compressional waves” is much 
smaller than that of the extensional waves so that only the first ones are ob- 
served, the sound propagation being determined by the bulk modulus and its 
loss tangent. In this frequency range the rods behave like columns of liquid. 

The ranges of transmission of these two types of waves are separated by a 
more or less wide frequency range of low transmission for both the waves. In 
this frequency range the extensional wave shows an attenuation considerably 
increased by the geometric influence of the cross section while the propagation 
of the compressional wave is blocked, because it is excited below its limiting 


frequency. The limits of this intermediate range are given by the cross sec- 
tional dimensions of the rods, which are comparable with the wave length of the 
shear waves at the lower and that of the longitudinal waves at the upper limit. 


SUMMARY 


The known results for the propagation of sound in plates with Poisson’s 
constant o = 0.5 (liquids) and o = 0.35 (aluminum) are completed by disper- 
sion curves with o = 0.47 (rubber). The dispersion curves are easily under- 
standable because of the large difference between the velocities of transverse 
and longitudinal waves occurring at this value of co. 

Measurements of the propagation of elastic waves in rods of rubber with 
square cross section in the frequency range 0.1 to 300 ke/s are reported. The 
amplitude is measured as a function of distance by partly submerging the rod 
into a waterfilled vessel within which a hydrophone is arranged. 

The results with respect to phase velocity and attenuation can be explained 
in terms of the propagation of extensional waves at low frequencies and com- 
pressional waves at high frequencies separated by a range with high attenua- 
tion. 
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THE WORK OF RUBBER ELONGATION * 
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In the study of the physical properties of vulcanized rubber stocks, the possi- 
bility of characterizing and classifying comparable samples is greatly compli- 
cated by the tremendous diversity of the recipes of rubber compounds. Hence 
it is very important to know those relations in the elastic state of rubber vul- 
canizates which are widespread in an extensive variety of rubber compounds 
and can make possible a more accurate testing of vulcanizates. 

The work of deformation may be determined from the area circumscribed 
by the curve of the relation between deformation stress and extent of deforma- 
tion (stress-strain curve), expressed in units of the curve, and by the coordinate 
axes. 

Wiegand! was one of the first to use data on the work of deformation for the 
comparison of the reinforcing action of various fillers. The work of deforma- 
tion is referred to the unit volume of the deformed sample. To determine the 
work of deformation it is possible to use graphs of the relation of stress to elon- 
gation (stress-strain curves) obtained with the aid of tensile testing machines. 

The measurement of the area is easily carried out by planimetry or other 
methods. We made use of a large number of S-shaped stress-strain curves in 
our possession, and also prepared new stocks and tested vulcanizates from these. 
Data of other authors were also used in part. 

The work of elongation deformation is expressed as a function of the elonga- 
tion deformation. On one coordinate of the graph is plotted the deformation 
at each 100% of relative elongation, and on the other the work of elongation in 
kg-cm/em’, 

We have obtained more than 200 graphs, whose curves express the work of 
deformation in stocks of diverse compounding (loaded and unloaded), based on 
natural rubber, polybutadiene rubber (SKB), butadiene-styrene rubber (SKS-30 
and Buna §), nitrile rubber (SKN and Buna N) and butyl rubber. 

The loadings of the filler varied from 0 to 120 phr. Besides this, the loading 
of softeners, sulfur and accelerators and the type of accelerator, as well as the 
vulcanization period and aging, varied. 

Figure 1 shows stress-strain curves each of which corresponds to a certain 
type of rubber stock. The only common characteristic of almost all these 
curves is the presence of an inflection point in the region of 50-150% elongation. 

If the work of elongation of these samples is calculated and this is expressed 
graphically as a function of elongation (Figure 2), then there will not be an 
inflection point on all the curves. Furthermore, the curves are all similar in 
shape. One can confirm this fact by superimposing the curves on one another. 
In this way one general curve, called the composite or generalized curve, is 
obtained from the whole series of curves. Figure 2 shows such a composite 
curve, plotted to one side of its component curves and not containing the 





* Translated by Malcolm Anderson from Kauchuk i Rezina 16, 5-9 (1957). 
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Fic. 1.—Deformation curves of vulcanizates of various rubbers: 1,2—chloroprene rubber; 3, 4, 6 
Perbunan; 6, 7—natural rubber; 8, 9—-SKB (polybutadiene) rubber; 10, 11—Buna $8; 1/2, 13—-butyl rub- 
ber. The abscissa represents elongation in per cent, the ordinate stress in kg/cm?*. 
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Fia. 2.—The work of deformation as a function of elongation. Designations the same as in Figure 1. 
The abscissa represents elongation in per cent, the ordinate work in kg-cm/cm#, 
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Fic. 3.—Composite curve of the relation between work of deformation and elongation for 65 vulcanizates. 
The abscissa represents elongation in per cent, the ordinate work in kg-cm/cm!. 


numerical designations of the work and elongation. Figure 3 gives the com- 
posite curve, made up of 65 curves of work vs elongation for samples of different 
rubbers, superimposed upon one another. Since each component of the curve 
has its coordinate values, it is necessary to add the variables x and y to the 
numerical values of work and elongation on their axes (see Figures 3 and 5). 

The above-mentioned behavior of curves of work vs elongation was also 
observed in the research of Lann?, who investigated the reinforcing action of 
fillers in 1932. In the paper published by him are given graphs of the relation 
between the work of deformation and the elongation for stocks with various 
fillers—carbon black, barytes and zinc oxide—taken in various volume loadings 
(from 5 to 70 volumes). We have used these graphs (Figure 4) to verify the 
congruence of the superimposed curves. It is evident from Figure 5 that the 
composite curve obtained from the data of Lann fully confirms our results. 
The separate curves make up clearly defined portions of the composite curve. 
When the curves are superimposed, the coordinate axes are found to be parallel 
to the former ones. Both in our data and in this case, it is not admissible that 
an accidental coincidence of curves could occur. It is evident from these results 
that there is only one curve of the relation of work to elongation. 

To characterize a sample which is to be compared, it is necessary to take 
some point on the composite curve and determine the displacement relative to 
this point, which is taken as zero. The displacement is determined in units of 
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Fig. 4.—Curves of total energy (work) vs elongation. The various volume loadings of the fillers in the 
stocks are shown by the numbers on the curves. The bottom curve of each set represents the basic (un- 
loaded) stock. The fillers are: top left, gas black ; top right, thermal black ; bottom left, zinc oxide ; bottom 
right, barytes. The abscissas represent elongation in per cent, the ordinates foot-pounds per cubic inch. 


relative elongation on the abscissa axis, and in units of work on the ordinate 
axis. One may use either of these characteristics, since they are interrelated. 

Instead of an arbitrary point on the curve, one may take the coordinate 
origin and determine the value of the displaced coordinate system related to 
each curve. When the curve is superimposed on the composite curve, the 
coordinate origin is shifted to a new point, characterized by a displacement of 
Ao on the axis of work and a displacement of €) on the elongation axis (Ap and 
€) are characteristics reflecting the state of the sample before the application of 
external forces). 
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Fic. 5.—Composite curve from the graphs obtained by Lann. The abscissa represents elongation in per 
cent, the ordinate work in foot-pounds per cubic inch. 
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Our measurements have shown that the value of the coefficients Ag and € 


vary widely; they rise with an increase in the loading. 


The fillers all behave 


similarly ; in equal volume loadings the greatest effect is achieved by a gas black, 


as compared with a soft thermal black, barytes and zine oxide (Figure 4). 


An 


increase in the state of cure and in the degree of aging also causes a rise in Ao 


and ¢€ (this is especially distinct in synthetic rubbers). 


In general, structure 


formation of any kind brings about an increase in the coefficients. 
The numerical values of Ao reach 100-200 kg-cm/cm*, and those of € 


500-600%, in heavily loaded stocks. 


It is clear from the above discussion that 


these constants are relative, since they are obtained by comparison of one 


sample with another when these are fully oriented. 
point for both work and elongation. 


ducing the composite curve itself. 
In Table I we present data on the constants Ao for vulcanizates from various 


rubber stocks. 


work vs elongation on the composite curve (Figure 3). 


There is no single zero 


This is evident from the method of pro- 


The values of Ao were obtained by superimposing curves of 


(The values of €9 are 


not shifted, since they have a simple relation to Ao). 
Cooling to 30—-50° C produces an effect analogous to the introduction of 
40-50 parts of carbon black (Table I). 
The values given in Table I retain their magnitude only for a given com- 


posite curve. 


TaBLe [| 


For another composite curve with its own values of work and 


VALUES OF Ap FOR VULCANIZATES OF VARIOUS RUBBER STOCKS 


Stock 
Buna §, loaded, vul- 
canized at 145° C 
for 60 min 


Chloroprene rubber, 
unloaded, vulcan- 
ized at 145° C 


Buna §, sulfur-free 
carbon black vulca- 
nizate (100 parts 
rubber + 75 parts 
gas black) vulcan- 
ized at 200° C 


Butadiene-stryrene 
rubber (GR-S), 
loaded with Ther- 
max and P-33 


Butadiene-styrene rub- 
ber (GR-S), loaded 
with carbon blacks 


Characteristics of stock 


40 parts gas black 


50 parts gas black 
60 parts gas black 
75 parts gas black 
90 parts gas black 
120 parts gas black 


Vulcanization period: 
5 minutes 
15 minutes 
30 minutes 
60 minutes 
90 minutes 
120 minutes 


Vulcanization period: 
5 minutes 
15 minutes 
30 minutes 
60 minutes 
90 minutes 


10 parts carbon black 
20 parts carbon black 
30 parts carbon black 
50 parts carbon black 


10 parts carbon black 
20 parts carbon black 
30 parts carbon black 
50 parts carbon black 


Ao, kg- 


em/em* 


12 
17 
34 
88 


2 

8 
10 
10.5 
12.£ 
14 


22 
34 
37 
40 
62 


14 (14) 
18 (16) 
26 (24) 
40 (36) 


24 
40 
60 
88 


Remarks 


Carbon black loading in- 
creases 


A» considerably 


Influence of vulcanization 
period comparatively 
small 


vulcanization 
period considerable—a 
characteristic of carbon 
black vulcanizates heated 
at 200° C and over 


Influence of 


Soft carbon blacks; Apo in- 
creases slowly. (P-33 con- 
tent indicated in parenthe- 
ses) 


Stiff; reinforcing black; Ao 
rises substantially 
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TaBLe II 


VALUES OF Ap IN VULCANIZATES OF Stocks TESTED FOR BREAK AT 
TEMPERATURES OF +20°, —10° anp —30° C 
Testing 
tempera- Ao, kg- 
Stock ture,° C em/cm*® Remarks 
Chloroprene rubber, unloaded, +20 12 Cooling causes a_ considerable 
vulcanized at 143° C for 15 —10 26 rise in Ao. Loading raises Ao 
minutes —30 56 still higher in chloroprene rub- 
Chloroprene rubber loaded with +20 18 ber, which is not resistant to 
30 parts of lampblack, vul- —10 44 freezing 
canized at 143° C for 20 —30 80 
minutes 
Nitrile rubber (SKN-40) loaded +20 66 A sharp increase in A» upon cool- 
with 110 parts of carbon black, —10 180 ing, considerably greater than 
vulcanized at 143° C for 30 - - that with chloroprene rubber 
minutes 
Natural rubber (NR), unloaded, +20 4 A slow increase in Ao upon cool- 
vulcanized at 143° C for 20 —10 12 ing. Natural rubber had good 
minutes —30 18 resistance to freezing 
SKB loaded with 50 parts lamp- +20 13 
black, vulcanized at 140° C —10 24 
for 30 minutes —30 44 


elongation, Ao and € naturally change, but the relation between these properties 
is maintained in the various vulcanizates. This also makes it possible to use 
Ao and €9 as characteristic constants of the vulcanizates, but with the use of one 
composite curve. 

To reveal the connection between work of deformation and elongation, 
both in our data and in those of Lann, we may use the equation 


A det - As* 


where Ager is the work of elongation; € is the relative elongation; e is the base of 
the natural logarithms; and K, and A, are constants. 

This equation gives the divergence for small elongations, i.e., 100-200%. 

Is it possible to introduce a definite physical concept into the observed effect 
of the maintenance of a constant shape in the curves of work vs elongation? 
Even if a fully accurate answer to this question cannot be given as yet, this 
must nevertheless be taken into consideration, and at any rate such a possibility 
should not be excluded. Let us compare two samples of rubber, one of which 
has a curve of work vs elongation corresponding to an analogous curve of 
another sample, starting at some positive value of work and elongation not 
equal to zero. Even before the application of external forces to the sample, 
internal work takes place in it, involving the internal elongations of the struc- 
tural elements of the rubber molecule. Accordingly, each sample is character- 
ized by this internal work and elongation in some degree, which fact may be 
detected by a comparison of the curves superimposed on one another. The 
reason for the difference in the samples may be the difference in filler loading, 
differences in the effect of the filler arising from the degree of dispersion, differ- 
ences in the state of cure, etc. The interna] work in the vulcanizate is brought 
about by the action of internal forces of various kinds—adsorption, crystalliza- 
tion and other forces—which are also capable of orienting and deforming the 
molecular chains and aggregates of these, as would be natural also for external 
forces. Since this is a three-dimensional (triaxial) orientation, having no pref- 
erential direction, it does not appear at all until external forces are applied. 
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It is seen from the data cited by Lann that a gas black shows the greatest dis- 
placement effect on the curve of work vs elongation, as compared with a thermal 
black, zinc oxide and barytes. In practice also it has been shown that a gas 
black has a much greater reinforcing action than the ingredients named. One 
can easily draw this conclusion from the graph (Figure 6) on which the degree 
of displacement of the respective curves along the elongation axis as a function 
of filler loading is represented. A regular pattern may be seen in the behavior 
of the curves representing the properties of stocks loaded with various 
ingredients. 

It seems to us that the conception set forth has a claim to validity and 
should be seriously considered. 

The practical significance of the regular pattern observed is in its ability to 
forecast phenomena. After having established the general nature of the relation 
between work expended and deformation, in which we are interested, we test 
the sample in some limited range of deformation values. The data obtained 
show what the behavior of the stock should be beyond the limits of the sampled 
portion of the effect. 

Let us now consider another question. The curves of the relation between 
work and deformation have no inflection point, whereas the curves of stress vs 
elongation generally give an inflection point. This is explained by the fact 
that the work of deformation does not pass through any critical values. In the 
initial stage of the elongation, the large increase in stress corresponds to small 
deformation values, but when the inflection point is reached, large deformations 
correspond to small increments of stress. This also levels off the curves of 
both work and stresses created as a function of deformation. 

In this connection we became interested in the question of the relation be- 
tween the S-shaped curves of stress vs elongation and the curves of work vs 
elongation. The inflection point was chosen to characterize the former. If 
this point is not purely random by nature, then there should be a relation be- 
tween it and the work of deformation. 

The stresses corresponding to the inflection points in 60 deformation curves 
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Fic. 6.—Effect of filler loading on the work of elongation (according to the data of Lann) : 1—gas black; 
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the ordinate the{displacement «in per cent. 
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Fic. 7.—The relation between the stress corresponding to the inflection point and the magnitude of the 
displacement of the curve of the relation between work and elongation. The abscissa represents displace- 
ment in per cent, the ordinate the stress corresponding to the inflection point in kg/cm?. 


of the most diverse compounds of different rubbers, with varying loadings of 
fillers, softeners, curatives, etc., were determined with graphs. Graphs of 
work of deformation vs elongation were constructed for each curve, and the 
magnitude of the displacement for each curve was determined in units of work 
and of relative elongation. Then the stress corresponding to the inflection 
points of the curves of stress vs elongation was plotted against the quantity of 
displacement, in per cent of the relative elongation in curves of work vs elonga- 
tion. The graph which we obtained is presented in Figure 7. 

Although the experimental points also show a fairly wide scattering, the 
above-mentioned relation between the two different indexes nonetheless has a 
clearly delineated character. The scattering of the experimental points is not 
surprising, since the determination of inflection points on deformation curves 
in most cases is greatly complicated by the diffuse nature of inflection points 
generally. In most cases it is quite impossible to detect the inflection at all. 


CONCLUSIONS 


1. Curves of the relation between work of deformation and elongation in a 
vulcanizate are characterized by the absence of an inflection point. Regardless 
of the type of rubber, the compounding of the stock and the conditions of its 
preparation, they possess the property of being congruent when superimposed 
on one another. Because of this property the curves may be considered as 
parts of some composite curve which reflects the general properties of all vul- 
sanizates. 

2. Each of the curves of work vs elongation (and the rubber sample corre- 
sponding to it) may be characterized by a coefficient indicating the degree of 
displacement relative to the comparison sample. One may assume that this 
property of the curves of the work of deformation vs elongation has a certain 
physical significance. 

3. There is a regular relation between the stress corresponding to the in- 
flection point on the curves of stress vs elongation, and the curves of work vs 
elongation. 
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DEPENDENCE OF TACK STRENGTH ON 
MOLECULAR PROPERTIES * 


W. G. Forses anp L. A. McLEop 


PoLYyMER CoRPORATION Lrp., SARNIA, CANADA 


INTRODUCTION 


Industrial experience, based mostly on a hand tack test, has always been 
that the tack strength of synthetic polymers is less than that of natural rubber. 
The lower tack of synthetic polymers has been noted in specific industrial ap- 
plications but has not been related to the basic properties or structure of the 
polymer molecule. A literature survey revealed a large amount of tack data 
obtained from numerous mechanical tack testers. These results, however, 
were relative rather than absolute. Exceptions are found in the work of 
Busse, Lambert and Verdery! and Beckwith, Welch and Nelson?. The work 
of Josefowitz and Mark*, McLaren and his associates and some of the Russian 
literature®*.7 contains speculations that electrical and diffusion phenomena 
control tack strength. In the course of the present investigation it was con- 
cluded that electrical phenomena did not contribute to tack strength and need 
not be investigated. 

This paper presents the results of a study of the measurement of absolute 
tack strength, and the determination of its dependence on physical and chemical 
factors of the polymers considered. 


METHODS 


In this paper, raw tensile strength is defined, in accordance with accepted 
practice, as the tensile strength of an uncured and uncompounded polymer. 
Tack strength will be defined as the force, expressed in pounds per square inch 
of original cross section, required to separate two pieces of the same polymer 
previously placed in contact under defined conditions of temperature, force and 
time. As noted in the introduction, many methods exist for measuring both 
of these properties. It was betieved however, that none of the known methods 
was adequate for the present problem as no provision was made for a reproduc- 
ible tack surface. Before selecting one of the more elaborate test methods, an 
extensive study was undertaken to determine the precision and accuracy of the 
more commonly used hand tack test. This study indicated conclusively that 
results for a given polymer based upon the hand tack test varied at random be- 
tween individuals and samples. Refinements to the test were introduced by 
pressing tack samples together by carefully controlled mill pressure. An 
Instron tester was used to strip the surfaces apart. Tests on compounded 
butyl stocks showed tack values of 34 + 14 lb per in. for a manual operation 
and 40 + 12 lb per in. for the mill operation. Variations of this magnitude 
were unacceptable. 

* Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 34, No. 4, pages 154-174, 


August 1958. Paper read by Dr. McLeod at a special meeting of the Institution of the Rubber Industry 
held at the Café Royal, London on Wednesday, 2nd October, 1957, Dr. W. H. Bodger in the Chair. 
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Fria. 1.—Instron adapted for measurement of tack strength. 


It was evident from this work and from the literature that the best method 
of measuring tack strength was by application of the force normal to the sur- 
faces in contact. An apparatus shown in Figure 1 was designed which made it 
possible to press two surfaces of polymer together under a given pressure for a 
given time and then to separate them by a measured force exerted normal to 
the interface. 

The sample clamps (‘‘A”’ in Figure 1) were designed to hold circular samples 
which were prepared in a mold opening lengthwise and closing with interlocking 
grooves (Figure 2). This mold was placed in the heated retaining jacket illus- 
trated in the figure, charged with pieces of finely divided polymer and then 
evacuated. The polymer was then pressed at elevated temperature and 
pressure (23 to 125° C and 1000 to 2000 psi, respectively) into a pellet 1 inch 
in length and } inch in diameter. These conditions were determined for each 
polymer and were chosen to have no appreciable effect on the properties of the 
sample as measured by dilute solution viscosity and gel content. The end of 
each molded pellet was wrapped with a single layer of transparent tape, leaving 
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exposed } inch of polymer in the center of the pellet. The tape appeared to 
distribute more evenly the force applied to the sample by the clamp holder and 
prevented “necking in” and tearing of the sample at the clamps. This taping 
procedure was used whenever stress measurements were made. 

Following a given measurement of raw tensile strength, the tape was re- 
moved and the pellet divided into two equal parts. One-half of the pellet was 
placed in the split mold, followed by a highly polished Teflon or stainless steel 
dise and finally by the other half of the pellet. The pellet was then reformed, 
usually under conditions of temperature and pressure lower than those required 
for formation of the whole pellet. The Teflon or steel disc was then removed, 
taking great care not to damage the two smooth surfaces which had been in 
contact with the disc. The two halves of the tack pellet were clamped as be- 
fore and the smooth surfaces brought into contact. <A fixed weight was added 
to the weight platform (‘‘B” in Figure 1) for a predetermined interval of time, 
then quickly removed and a measurement made of the force required to pull 
the two surfaces of the polymer apart. A correction was made to the recorded 
stress for the weight of the platform and upper sample clamp. 

To standardize the tack test, the following conditions were held constant 
unless otherwise specified: (1) all polymers were milled to 45 + 2 ML/4 before 
testing, (2) room temperature and humidity during testing were 25 + 3° C and 
45 + 5 per cent, respectively, (3) contact time of the tack surfaces was 30 
seconds under a load of 10 psi, (4) the rate of elongation of specimens in the 
Instron tester was 10.5 in. per minute, (5) all samples were pulled until they 
broke or had elongated to the maximum possible extension of the adapter— 
i.e., 2200 per cent, (6) all tensile and tack strengths were calculated on the basis 
of the original cross section of the test pellet. 


Following these procedures an evaluation of the test error was made with 
four polymers. Application of a statistical “F’’ test showed that the test error 
was the same for all polymers under investigation. The mean values of tack 
and raw tensile strength for 15 to 20 pellets of each polymer had standard devi- 


-Mold for sample preparation. 
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ations of approximately 2 psi which were independent of the absolute value of 
strength over the range 20 to 200 psi. The standard deviation for relative 
tack strength (defined as the ratio of tack strength to raw tensile strength) was 
approximately 0.05 over a range of mean values of 0.4 to 1.0. Sample-to- 
sample variations for a given polymer did not exceed pellet-to-pellet variations. 


THE TACK STRENGTH OF NATURAL RUBBER 


Natural rubber has often been cited as possessing excellent tack strength, 
and therefore was investigated first. The dependence of the tack strength of 
natural rubber on the purity of the sample was studied first. As all work in- 
volving natural rubber is subject to errors due to polymer degradation’, these 
experiments were performed in the dark, under an atmosphere of nitrogen and 
in the presence of antioxidant. The antioxidant was di-tertiary-butyl hydro- 
quinone and, at the concentration used, did not affect tack strength. 

Natural rubber latex was chosen as starting material, and purification was 
accomplished in a manner similar to that reported by Verghese®. At each step 
of the purification, samples of polymer were removed for infrared and Kjeldahl 
analysis, for measurement of gel content, Mooney viscosity, per cent extractable 
by acetone and for determinations of tack and raw tensile strengths. Several 
latex samples were purified and all gave similar results. In all instances, infra- 
red examination showed that the purification treatment had reduced the 
nitrogen content to 0.03 to 0.07 per cent of the original amount. Infrared 
evidence also indicated the complete disappearance of carboxyl-containing 
groups. 

Confirmatory chemical evidence for the purification of natural rubber is 
given in Table I which shows a marked decrease in nitrogen and ash content 
and in the amount of material extractable by acetone. Table I also reports 
the measurements of other properties of the natural rubber samples and it is 
evident that tack strength is not affected by large changes in raw polymer ten- 
sile strength, intrinsic viscosity, gel content or raw polymer Mooney viscosity. 

It has been suggested elsewhere that the high tack strength of natural rub- 
ber is derived from polar groups attached to the polymer chain. Although 
there was no infrared evidence for the presence of polar groups, concentrated 
benzene solutions were prepared from purified natural rubber and treated with 
an excess of a diisocyanate. The absence of any viscosity change during the 
period of a week was taken as evidence that no polar groups remained after the 
purification treatment. 

In another experiment a copolymer of butadiene and styrene, prepared using 
Alfin catalyst, was treated so as to incorporate 1 to 15 carboxyl groups per mole- 
cule of 3 X 10® molecular weight. <A part of this polymer was treated with 


TABLE II 
Errect oF CARBOXYL GROUPS 
Raw 
ML/4 tensile ck 
at strength, strength, Relative 
Polymer type 100° C psi psi tack 
Alfin Butadiene/Styrene copolymer 47 112 ¢ 0.62 
Alfin Butadiene/Styrene copolymer 
with COOH groups 43 99 ‘ 0.54 
Alfin Butadiene/Styrene copolymer 
with COONa groups 49 123 0.52 
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Fic. 3.—Effect of molecular weight of fractionated Hevea. 


sodium hydroxide to convert the free acid to the sodium salt. Both polymers 
were milled to 45 + 2 ML/4 and tested for tack and raw tensile strength. The 
results, shown in Table IT, indicate that the deliberate addition of polar groups 
to this polymer not only failed to enhance the tack strength but even resulted 
in a small decrease in tack strength. 

To extend the study of the influence of molecular weight on the tack strength 
of natural rubber, samples of pale crepe were milled to varying Mooney levels 
and tested for tack and raw tensile strength, intrinsic viscosity and gel content. 
The results show a very slight decrease in tack strength above 85 ML/4 (which 
corresponds to a molecular weight of 1 X 10°) but over a broad range of Mooney 
viscosities, tack strength was again found to be independent of raw polymer 
tensile strength and molecular weight. 

Two fractionations of natural rubber were next performed. The first was 
on an unpurified sample of pale crepe milled to 45 ML/4. The second was on 
an acetone-extracted sample of pale crepe which had been lightly milled to 92 
to 100 ML/4 to reduce the gel content below 5 per cent. To reduce degrada- 
tion or gellation, moderately sharp fractions were precipitated and collected in 
the dark at about 0° C under a nitrogen atmosphere. Tack and tensile data of 
each fraction are reported in Figure 3. 

Some of the tack and raw tensile values are subject to some uncertainty 
since with the smaller fractions, only 3 to 5 pellets could be prepared. Viscos- 
ity determinations on the high molecular weight fractions occasionally gave 
erratic results, presumably because of microgel or the dependence of viscosity 
on shear rate. All values of molecular weight were calculated using the equa- 
tion [7] = 5.02 X 10-4 M?-667,10 

The data obtained from testing milled pale crepe agree very closely with the 
results illustrated in Figure 3. Two plausible explanations can be offered for 
the apparent lack of influence of raw tensile strength or molecular weight on 
tack strength. If it is assumed that tack strength is proportional to raw tensile 
strength, then those factors which tend to increase raw tensile strength (ML/4, 
gel content, etc.), should increase the tack strength of each molecular bond 
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TABLE III 


Errect oF MoLecuLAR WEIGHT OF POLYISOPRENE 
AT GIVEN MICROSTRUCTURE 


(n] in 
toluene Gel content 
at 30.2° C in toluene Raw Tack 
Catalyst (grams/ 23° C, tensile, strength, Relative 
system 100 cc) % psi psi tack 
Alfin 2.20 0 36.9 22.3 0.61 
2.80 2 58.7 32.0 0.55 
3.19 8 70.2 35.6 0.51 
3.62 0 96.0 29.1 0.30 
4.31 8 73.9 44.4 0.60 
4.77 4 87.6 36.8 0.43 
5.27 6 86.8 35.3 0.47 
9.20 4 103.0 24.4 0.23 


across the tack interface. However, one can postulate that those same factors 
which result in an increased raw tensile strength will reduce the number of 
molecules that can cross the interface in a given time interval. Thus fewer 
“tack bonds” are formed but each is stronger. The two effects then are pre- 
sumed to cancel to leave the tack strength unaffected. Alternatively since tack 
and raw tensile strengths are identical up to a molecular weight of 300,000, it 
can be postulated that all molecules or segments smaller than this molecular 
weight are mobile enough to flow across the interface in the 30 second contact 
time. It is possible then that a certain minimum quantity of such segments, 
sufficient to develop the observed tack bond, is always available in each pale 
crepe sample. While the second explanation receives some justification from 
the work of Verghese", the first is considered to be more likely. 

In order to conclude the study of the effect of molecular weight, a series of 
synthetic polyisoprene polymers was produced using the Alfin catalyst. These 
polymers showed a markedly different microstructure (6 per cent of the 1,4 units 
being in the cis configuration as contrasted with 98 per cent in Hevea) and were 
polymerized to different molecular weights. Measurements of intrinsic vis- 
cosity, tack strength and raw polymer tensile strength are reported in Table III. 
Although a more pronounced maximum in tack strength is observed as molecu- 
lar weight is increased, the results are consistent with those observed for na- 
tural rubber. 

Attention was next directed to the influence of microstructure on tack and 
tensile strength. A series of polyisoprenes was obtained having similar intrin- 
sic viscosities but different microstructures. Measurements of tack and raw 
tensile strength were made on each of these polymers, the data being reported 
in Table IV. There is an indication of a decrease in tack strength and relative 


TaBLe IV 
Errect oF MICROSTRUCTURE ON TACK AND TENSILE STRENGTH 
Co] in 
to uene Raw 
at 30.2° C cis trans tensile Tack 
Polyisoprene ( grams i 1.4 1,4 1,2 3,4 strength, strength, Relative 
type . 100 ce % % % % psi psi tack 

Hevea 3.1 98 2 0 0 63 34 0.53 
Lithium 4-5 96 2 1 1 51 36 0.70 
Emulsion 3.0 2.8 81.7 4.8 2.3 43 14 0.32 
Alfin 3.0 5.5 7 5.1 12.5 63 31 0.49 
Sodium 3.0 0-10 50-60 7.9 30.0 123 49 0.40 
Balata | 0 0 0 3580 0 0 
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tack and an increase in tensile strength for polymers containing more than 80 
per cent of the trans 1,4 configuration. No clear trend is evident, however, 
since the data for balata must be discounted due to the influence of erystalliza- 
tion. 

Although slight variations are evident in tack strength with changes in 
microstructure and molecular weight, no single factor serves to explain the 
reported good tack properties of natural rubber in factory operations. Atten- 
tion was therefore directed to a measurement of the tack properties of synthetic 
polymers. 


OIL-EXTENDED BUTADIENE-STYRENE COPOLYMERS 


Among the synthetic polymers, those containing large amounts of oil have 
been criticized for their poor tack strength. Measurements of tack and raw 
tensile strength on high molecular weight butadiene-styrene copolymers with 
and without oil are shown in Table V. Polymer A is a gel-free butadiene- 
styrene copolymer produced to a bound styrene content of 25 per cent at 13° C 
in an emulsion recipe. Polymer B is the same material, to which has been 
added 45 parts of Sundex 53 per 100 parts of base polymer. The table shows 
the expected decrease in raw tensile strength due to dilution by the oil. It is 
interesting to note, however, that there is a much smaller decrease in the tack 
strength with the result that the relative tack strength is increased by the 
addition of the oil to a value which is essentially unity. Similar results are 
observed for polymer C which is a butadiene-styrene copolymer containing 9 
per cent gel and 27 per cent styrene and which was produced in the Alfin sys- 
tem. Addition of 45 phr Sundex 53 to this polymer produced polymer D which 
also has a sharply reduced raw tensile strength but only slightly reduced tack 
strength. In all cases, the polymer samples were milled to 45 + 2 ML/4 before 
testing. 

The results in Table V indicate the significance of the value of relative tack. 
For polymer B, one can expect no further enhancement of tack strength by any 
approach since the limit imposed by the raw tensile strength has already been 
achieved. However further improvement is still possible in polymer D since 
its tack strength is 40 psi relative to its potential tack strength of 53 psi. (The 
greater potential tack is, perhaps, a reflection of the higher molecular weight of 
the Alfin copolymer.) The relative tack strength apparently indicates the 
fraction of the potential tack strength which has actually been achieved during 
the 30 second time interval of the tack test. 

The degree to which the potential tack strength can be achieved is thought 
to be controlled by two factors: surface roughness and shear viscosity of the 
sample. The smoother the surfaces brought into contact, the greater the area 


TABLE V 
EFrrect oF O11 oN Tack AND TENSILE STRENGTH 
Raw 
tensile Tack 
Polymer Type of strength, strength, Relative 
sample copolymer psi psi tack 
A Emulsion 60.6 48.2 0.74 
(13° C) 
B Emulsion t 30.6 29.8 0.98 
(13° C) 
C Alfin 129 53 0.42 
D Alfin 53 40 0.76 
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involved in developing the bond. In this investigation the surface smooth- 
ness has been kept constant by the technique of pellet formation. The viscos- 
ity factor controls the extent of interpenetration of the polymer surfaces during 
the time of contact. Apparently the shear viscosity of the polymer is a variable 
of major importance in controlling the tack strength and a high value of relative 
tack would be expected for a polymer of low shear viscosity. It follows then, 
that a high tack strength is associated with a high raw tensile strength and a 
low shear viscosity. The shear viscosity of polymer B in Table V is apparently 
quite low but the raw tensile strength is also low and the tack bond is weak; 
for polymer C (and to a lesser extent, polymer D) the raw tensile strength is 
very high but apparently a high shear viscosity has prevented the development 
of the maximum tack bond. 


GENERAL PURPOSE BUTADIENE-STYRENE COPOLYMERS 


The data of Table VI for general purpose butadiene-styrene copolymers 
show the effect on tack strength of the temperature of polymerization, the soap 
used during polymerization and the per cent bound styrene. 

Comparison of polymers A and B indicates that, whereas use of resin soap in 
place of tallow soap decreased the raw tensile strength of the polymer, it also 
decreased the tack strength proportionally. Both differences are statistically 
significant but are considered to be unimportant in terms of factory operations. 
This result is not consistent with the usual report that a polymer prepared in a 
resin soap system shows better building tack than does a polymer produced in a 
fatty acid system. Allowance must be made for a possible effect of compound- 
ing ingredients on tack performance (not assessed in detail in this investigation) 
and for the fact that factory practice involves a constant milling time which 
would result in a lower Mooney viscosity for the tallow soap polymer. This in 
turn should lead to a lower raw tensile strength and lower tack as observed in 
factory operations. 

Comparison of polymers C and D indicates that, over the small range of 
styrene content studied (7 per cent), there were no significant changes in tack 
strength, raw tensile strength or relative tack. When one compares polymers 
B and C it is apparent that decreasing the polymerization temperature from 
50° C to 13° C resulted in a significant increase in tack and raw tensile strengths 
and a decrease in relative tack. Such a decrease in polymerization temperature 
should increase molecular weight, decrease branching and produce a more 
regular microstructure. All of these effects would tend to increase the raw 
tensile strength as observed, and this in turn is reflected in the higher tack 
strength. The increase in molecular weight should also increase shear viscos- 
ity and although the other factors might decrease shear viscosity, it appears 
that the molecular weight effect is predominant since the relative tack is de- 
creased. 

TABLE VI 
EFFECT OF POLYMERIZATION VARIABLES 
Butadiene-styrene copolymers A B C D 


Per cent bound styrene 23.5 23.9 3.5 30.4 
Polymerization temperature, ° C 50 50 : 13 

Emulsifier Tallow Resin Resin Resin 
Raw tensile strength (psi) 35.2 31. 47.7 48.7 
Tack strength (psi) 30.8 28: 33.6 34.0 
Relative tack 0.87 Pe 0.70 
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BUTYL POLYMERS 


A preliminary laboratory investigation of butyl polymers suggested that 
the factory problem was one of poor cured adhesion rather than of inadequate 
building tack. Subsequent results for the testing of four butyl polymers are 
shown in Table VII. It will be noted that the Mooney viscosities shown in this 
table are 8 minute values at 100° C rather than the ML/4 value used in earlier 
tables. To reduce a butyl polymer of 79 ML/8 to 45 ML/3, it is necessary to 
add only 0.02 to 0.03 part xylyl mercaptan. Thus, the mercaptan is not pres- 
ent in sufficient quantity to be considered an impurity or diluent in the polymer. 
It has been reported that xylyl mercaptan in a butyl polymer degrades pre- 
dominantly the very long molecular chains, thus increasing the amount of 
polymer in the medium molecular weight range without appreciably adding to 
the low molecular weight polymer. It is to be expected that light milling of 
a polymer would have the same effect. Thus, one might expect the buty] 


Taste VII 
Tack SrreNGTH oF ButryL POLYMERS 
Raw 
tensile Tack Gel 
Butyl strength, strength, Relative ML/8 at content, 
sample psi psi tack 100° C % 
A 50 46 0.91 46 0 
B 19 44 0.90 48 0 
C 54 44 0.81 46 0 
D 44 41 0.93 48 


plasticized with es mercaptan from 79 to 46 ML/8. 
/8. 


A I 
polymerized to 48 
I 
I 


3 
nilled from 50 to 46 ML ‘8. 
brominated (39%) butyl milled from 66 to 48 ML, 


polymers which had been plasticized or milled to 46 ML/8 (A and C) to have a 
different molecular weight distribution from a butyl sample which had been 
polymerized to a similar Mooney (B). The effect on raw tensile strength is 
apparently negligible since all three samples are equivalent in this property. 
The tack data indicate that it is of no consequence how a polymer reaches 45 to 
50 ML/8. The brominated butyl (D) shows a lower value both of raw tensile 
and of tack strength. It will be observed that all the butyl samples have higher 
tack strengths than most of the emulsion butadiene-styrene copolymers and 
natural rubber. This is made possible by the high raw tensile strength of the 
butyl samples and shear viscosities which are apparently low (as evidenced by 
the high values of relative tack strength). The high tack strength of the butyl! 
polymers lends support to the conclusion that factory difficulties are related to 
deficiencies in cured adhesion. 


BUTADIENE-ACRYLONITRILE COPOLYMERS 


Other polymers whose performance in factory building operations has been 
criticized are the copolymers of butadiene and acrylonitrile. Preliminary ex- 
periments with these samples yielded low values of raw tensile strength which 
were traced to the presence of very small air bubbles trapped in the polymer 
pellets. It is possible that the low cured adhesion values obtained with both 
butyl and nitrile polymers could be traced to air which had been trapped in the 
polymer during compounding and which had migrated to the bond interface 
during cure. A special technique of removing this air was developed and the 
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TaBLe VIII 
Tack AND TENSILE STRENGTH OF BUTADIENE—ACRYLONITRILE 
COPOLYMERS 


Acrylo- Polymer- Raw 
nitrile ization Gel tensile Tack 
Polymer Air bubbles content, temp., content, strength, strength, Relative 
type in pellet % "¢ % psi psi tac 
A Present 37.2 30 16 69.1 57.0 0.88 
B Partially 
removed 37.2 30 19 97.7 58.2 0.60 
C Absent 37.2 30 19 108.3 57.7 0.52 
D Absent 33.2 30 0 63.4 49.8 0.78 
E Absent 33.7 13 0 74.3 63.4 0.85 


results shown in Table VIII were then obtained. These data show that while 
the trapped air affects raw tensile strength, it does not in any way reduce tack 
strength. Presumably during the formation of the split pellet, air is able to 
diffuse from the surface layer but not out of the body of the pellet. Since the 
tack strength did not exceed the raw tensile strength of the non-degassed poly- 
mer, no effect of trapped air on tack strength was observed. 

Table VIII indicates that a butadiene-acrylonitrile copolymer with high 
acrylonitrile content (C) has higher raw tensile and tack strengths than a med- 
ium acrylonitrile copolymer (D). The increased raw tensile strength of poly- 
mer C can be attributed in part to the larger number of acrylonitrile groups but 
it is suspected that the difference is mainly due to the higher gel content. In 
these experiments, as with butadiene-styrene copolymers, polymerization 
temperature has a large effect on tack strength as is shown by comparison of 
polymers D and E. Again the change can be attributed to the effect of de- 
creased temperature on polymer viscosity through an increase in molecular 
weight and chain regularity and a decrease in branching. Of these effects, the 
decreased branching appears to be more important since the relative tack 
figures suggest an overall reduction in polymer viscosity at the lower polymeri- 
zation temperature. 
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Fic. 4.—Dependence of tack strength on rate of extension. 
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In the course of this investigation it became apparent that rate of strain 
might have an influence on the measured values of tack and raw tensile 
strengths. These properties were, therefore, measured for several polymers 
over a range of rates of strain. Representative tack data (Figure 4), show a 
similar rate of increase of tack strength with rate of strain for natural rubber 
and for an Alfin copolymer of butadiene and styrene. The curves for raw 
tensile strength were quite comparable in slope. Other polymers behaved in a 
similar manner. The non-linearity observed for the Alfin polymer at low rates 
of strain, suggests the need for a more extended investigation in this region. 
At all other rates of strain, however, it seems that the relative performance of 
different polymers is not rate dependent. 

In summarizing the experimental tack data it will now be evident that the 
polymers which have received the most criticism for inferior factory perform- 
ance rank highest in this experimental tack measurement. The oil resistant 
and Alfin polymers show the highest values of tack (50 to 60 psi), followed closely 
by butyl polymers (45 psi). Somewhat lower in the list are natural rubber 
(35 psi) oil-extended copolymers (30 psi) and the general purpose butadiene- 
styrene copolymers (28 to 35 psi). Of even greater significance, however, is the 
observation that natural rubber and most of the synthetic polymers have not 
developed their limiting tack values in the 30 seconds of contact under a load 
of 10 psi. This is evident since relative tack for all samples ranges from 0.5 to 
0.9. Even if they had, the tack strength of oil-resistant and Alfin polymers 
would still have greatly exceeded the tack strength of natural rubber. 

VISCOUS PROPERTIES 

It has been suggested that low values of relative tack, such as are en- 
countered with natural rubber and Alfin polymers, are a result of the inability 
of these polymers to flow during the 30 second tack test. It is also apparent 
that the viscous properties of butyl rubber and of general purpose butadiene- 
styrene copolymers are low enough to permit a high degree of flow during the 
tack test. A study was therefore undertaken of flow characteristics of these 
and other polymers. 

The simplest measurement was the determination of the strength of the 
tack bond as a function of contact time. The experimental data are shown in 
Table IX where it is seen that those polymers with the lowest values of relative 
tack (and hence the poorest flow characteristics) took the longest contact times 
to achieve a tack bond equal in strength to the raw tensile strength. It is 
significant, however, that this optimum tack bond was in fact achieved by all 
polymers. 

TaBLe IX 
Tue Errecr or Contract TIME 
30 sec Approximate time 
relative for relative tack 
Polymer tack strength to become unity 
Butyl 0.91 3-5 mins 
Butadiene-acrylonitrile (polymerized at : 
not degassed) 0.88 5-10 mins 
Butadiene-acrylonitrile (polymerized at 13° C 
degassed) 0.85 10-15 mins 
Natural rubber 0.53 4—5 hrs 
Butadiene-acrylonitrile (polymerized at 3 } 
degassed) 0.52 8-12 hrs 
Alfin butadiene-styrene 0.42 14-17 hrs 
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Further confirmation of the postulate that polymer viscosity is an 
important variable in the control of tack strength, was sought by a direct com- 
parison of values of shear viscosity with relative tack strength. The method 
chosen for the measurement of polymer viscosity was that of Dienes and 
Klemm”. The limitations and applications of this method have been recently 
reviewed by Morawetz' who points out that the method yields relative rather 
than absolute viscosity values when dealing with non-Newtonian polymers. 
As it was desirable to make the viscosity measurements at the same temperature 
as the relative tack measurements (room temperature), flow times 1000 times 
larger than those at Dienes and Klemm were encountered. The polymers were 
expected to be non-Newtonian and therefore the viscosity of each was deter- 
mined at three rates of shear. The method is inherently limited to a small 
range of shear rate covering approximately one decade. In addition, one can- 
not predict beforehand what the average shear rate (8) will be as it depends 
upon the shear viscosity (n), i.e. 


2nhiF 


3Vh, 


where h is the height of the sample pellet, V is the volume of the test sample, 
and F is the load. 17 is determined from the equation: 


} SrFt 
ht 3nV? 


+t 


where ¢ is the time at which A is measured and C is a constant of integration. 
n is obtained from the slope of a plot of 1/h* vs time. Care must be taken to 
ensure that the radius of the test pellet is at least 10 times its height. 
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Fic, 5.—Shear viscosity curves for Alfin butadiene-styrene copolymers. 
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TABLE X 
SUMMARY OF SHEAR Viscosity Data 
Shear Shear Relative 
rate X 10° viscosity X1079 tack 
Polymer 2¢71 poise strength 

Butadiene-styrene oil-extended f 3.08 0.98 
2.62 
3.73 

Butyl JS 1.29 0.91 
1.26 
; 1.13 

Butadiene-styrene polymerized at 13° C 3.98 4.16 0.86 
5 5.18 
5.49 

Butadiene-acrylonitrile polymerized at 
a © 7.0% 4.94 0.86 to 0.55 

9.55 
.f 11.50 

Milled pale crepe i * 32.70 0.53 
29.50 
34.30 

Alfin butadiene-styrene woe 260.00 0.42 
398.00 
489.00 


Viscosity measurements were made on 1 gram samples of a number of poly- 
mers. Intrinsic viscosity, gel content, raw tensile strength, etc. were checked 
before and after each shear viscosity measurement. Only the 13° C buta- 
diene-acrylonitrile copolymer showed any changes. In Figure 5 are shown 
typical plots of 1/h* vs time at different shear rates for an Alfin butadiene- 


styrene copolymer. The shear viscosity data for all polymers are recorded in 
Table X. 

Average shear viscosities (which correspond to widely different conditions 
of shear rate for the different polymers) are plotted vs relative tack in Figure 6. 
It is recognized that the values of both shear viscosity and relative tack are 


Relative tack 








Log») 


Effect of shear viscosity on relative tack. 
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dependent on shear rate and that shear rates were different for different poly- 
mers. It is also recognized that the shear rates for the viscosity measurements 
are considerably smaller than those for relative tack determinations. None- 
theless, the apparent dependence of relative tack on shear viscosity confirmed 
our expectations. It seems reasonable to conclude that the rate of develop- 
ment of a tack bond is controlled by the extent of flow of the contacting surfaces. 

In addition to the shear viscosity of the polymer, other factors will influence 
the extent of flow across the interface of two contacting surfaces. Molecular 
weight has already been shown to be an important variable. The smoothness 
of the contacting surfaces, the existence of an oxidized surface layer and the 
chemical nature of the polymer could also influence the extent of diffusion 
during contact. 

For the measurements presented in this paper, care was taken to ensure the 
smoothness of the contacting surfaces. In factory practice however, relaxation 
involving retarded elastic forces gives rise to surface irregularities with the 
result that a variable portion of the time of contact is required to distort these 
irregularities and to bring the surfaces into complete contact. To study this 


TABLE XI 
EstimMaATioN OF RetarpEep Exastic Forces 


Approximate 
time (mins) 


n (calculated) to establish 
after a 30 sec linearity of 
% Deformation deformation the plot of 
Polymer in 30 sec poise X10~¢ 1/h‘ vs time 
Oil-extended butadiene-styrene 10 2,000 
Natural rubber 35 11 10,000 
Butyl 29 73 1,000 
Butadiene-styrene (emulsion at 
30° C) 29 15 6,000 
Butadiene-acrylonitrile 
(polymerized at 30° C) 25 - 
Butadiene-acrylonitrile 
(polymerized at 13° C) 23 18 6,000 
Alfin butadiene-styrene 15 62 28,000 


factor in detail would require the determination of the spectrum of relaxation 
times in each of the polymers. This was not undertaken but a rough estimate 
of the retarded elastic effects was made in three ways: (1) by comparison of the 
time taken for the plot 1/h* vs time to establish linearity in the Dienes and 
Klemm method of determining shear viscosity, (2) by an empirical calculation 
of the shear viscosity after 30 seconds compression in the Dienes and Klemm 
apparatus, (3) by measurements of the per cent deformation of a standard 4 
gram Williams pellet when compressed under fixed load for 30 seconds. The 
results are given in Table XI. The three methods do not show polymers ar- 
ranged in the same order but one might expect the order to change with the 
time interval over which the measurement was made. The 30 second interval 
is thought to be more consistent with the type of treatment encountered in 
factory operations and shows clearly the ease of deformation of natural rubber 
and of oil-extended GR-S relative to the other synthetic polymers. Piper and 
Scott! have made measurements similar in principle to these and report that 
while the rates of shear of GR-S and natural rubber at high stress may be ap- 


1 


proximately equal, with low stresses the rate of flow of masticated GR-S may 
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TABLE XII 


THe Errect oF OXIDATION ON Tack SURFACES 


U 


Jnoxidized 


surfaces 


Tack 


Oxidized 
surfaces 


Oxidized and 
roughened 


surfaces 


Tack Tack 
strength, Relative strength, Relative strength, Relative 
Polymer psi tack psi tack psi tack 
Butyl 43 0.91 24.0 0.51 30 0.64 
Butadiene-styrene 44 0.86 5.1 0.15 47 0.70 
Butadiene-acrylonitrile 61 0.85 3.6 0.05 34 0.48 
Natural 34 0.56 15.0 0.25 21 0.35 


be less than one one-thousandth of that of masticated natural rubber. 


The 





ease with which natural rubber can deform elastically under low stress may well 
explain its ability to achieve the high values of relative tack and its good tack 
performance under factory conditions. 

Another factor which may influence the nature of the tack surface is air 
oxidation. Tack pellets of different polymers were therefore exposed to an 
atmosphere of oxygen and ozone for approximately 10 minutes. Tack and 
relative tack data obtained before and after this treatment are recorded in 
Table XII. Oxidation causes a decrease in tack strength and in relative tack 
for all polymers but the effect is most pronounced with the oil resistant polymer. 
This drastic reduction in relative tack strength is undoubtedly the result of the 
formation of an oxidized skin on the pellet surface and the data probably pro- 
vide a partial explanation of the poor reputation which oil resistant polymers 
have acquired in factory building operations. It can be seen that roughening 
of the oxidized surface exposes fresh rubber and this partially restores the tack 
strength of the polymer. The roughness, however, prevents one from obtaining 
the value of tack found for smooth and unoxidized surfaces. 

The influence of chemical factors has already been described in part by 
showing the tack properties of different synthetic polymers. It was of interest, 
however, to extend the investigation to a system comprised of two different 
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Fic. 7.—Effect of chemical differences on adhesive strength. 
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polymers. In view of the definition of tack, the bonds now to be discussed will 
be called adhesive bonds and their strengths referred to as adhesive strengths. 
Raw tensile strength retains the same meaning but relative tack strength now 
has no significance. Like tack strength, adhesive strength is probably also 
governed by the extent of flow across the adhesive interface during a given 
contact time. It is conceivable, however, that two polymers of widely different 
chemical nature placed in contact will not flow to form a perfectly bonded inter- 
face, regardless of the contact time. Such incompatibility or limited solubility 
is usually described in terms of differences in cohesive energy density (C.E.D.)". 

Measurements were made of the adhesive strengths of three different poly- 
mers, taken in pairs. Each measurement was repeated four times with fresh 
pellets. As a first approximation, one might expect the adhesive strength of 
two polymers to be the average of the tack strengths of the individual polymers. 
In actual practice, the adhesive strength was observed to be less than this 
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Fig. 8.—Effect of contact time on adhesion strength. 


average. The relative difference between observed adhesive strength and 
calculated average tack is plotted in Figure 7 as a function of the difference in 
solubility parameters [(C.E.D.)!] of the two polymers. A definite dependence 
of adhesive strength on the differences in chemical properties is evident. 

A second set of experiments was then performed to determine what limit 
the adhesive strength of a given polymer pair would approach as contact time 
was increased. One would expect the limiting adhesive strength for a given 
pair to be the raw tensile strength of the weaker member. The results of these 
experiments are summarized in Figure 8. At long contact times a 5 to 10 psi 
decrease in the observed adhesive strength should be made to correct for an 
increase in diameter of the pellets under load. 

In the case of natural rubber in contact with a butadiene-acrylonitrile co- 
polymer, it was observed that the adhesive bond never exceeded the raw tensile 
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strength of the natural rubber. With the other pairs of polymers, however, 
an adhesive bond was obtained which was apparently greater than the raw 
tensile strength of the weaker component. It was further observed that butyl 
in contact with butadiene-acrylonitrile copolymers always separated at the 
interface even though the observed adhesive strength was greater than the raw 
tensile strength of the butyl polymer. When butyl was tested against natural 
rubber, however, although adhesive strengths were observed to be greater than 
the raw tensile strength of the butyl polymer, separation occurred in the body 
of the pale crepe pellet. No explanation is offered for these observations 
though similar observations in recent literature!® suggest that the build up of 
electrical charge across the two dissimilar surfaces may offer a partial explana- 
tion. 


CONCLUSIONS 


These investigations show real differences between the tack strengths of 
different polymers. Thus the choice of a particular polymer for a certain ap- 
plication automatically imposes an upper limit to the strength of the tack bond. 
This upper limit has been observed to be the raw tensile strength of the polymer. 

The ability of the sample to achieve this maximum tack strength is deter- 
mined primarily by the shear viscosity of the polymer. This in turn is gov- 
erned by the chemical nature of the polymer, polymer microstructure and 
molecular weight distribution. Increased polarity reduces the flow across 
similar surfaces and differences in chemical nature reduce flow across dissimilar 
surfaces. Whereas the dependence of relative tack (and hence of shear vis- 
cosity) on microstructure is uncertain, its dependence on molecular weight is 
quite pronounced. The influence of chain entanglement is probably real but 
difficult to assess. A theoretical dependence of shear viscosity on chain en- 
tanglements and molecular weight can be found in the work of Bueche!’. Of 
equal importance to shear viscosity is the smoothness of the contacting surfaces. 
Prolonged relaxation of a polymer may lead to a rough surface and also may 
give rise to oxidative effects which cause a reduction in tack strength. 

For a given polymer system an improved tack bond should, therefore, result 
from a decrease in molecular weight (provided one does not sacrifice too much 
in raw tensile strength), a limited increase in the temperature, pressure and 
contact time at which bonding takes place, and the use of a solvent wash to 
decrease polymer viscosity. It is also important that the tack bond be made 
as soon as possible after the surfaces have been formed. 

These principles are sufficient to explain the tack performance of the raw 
polymers investigated in this work. In addition, they agree very closely with 
the data reported in recent Russian literature®®7® which became available 
during the preparation of this manuscript. While the latter results were ob- 
tained by stripping polymer films supported on fabric, they demonstrate quite 
clearly that tack strength is determined predominantly by the mechanical and 
diffusional properties of a polymer. 

With respect to commercial processes, it must be emphasized that the in- 
corporation of compounding ingredients may alter our results both qualitatively 
and quantitatively. For example, the presence of air bubbles in rubber sam- 
ples has been shown to cause a decrease in raw tensile strength and hence in 
limiting tack strength. However, the consistent nature of the results in this 
study is taken as an indication that surface and viscous effects are of overriding 
significance in explaining the tack performance of polymers. 
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SUMMARY 


A method has been developed for the measurement of the tack strength of 
fresh and reproducibly smooth rubber surfaces. Using this method the tack 
strength of natural rubber is shown to be independent of polymer purity, and, 
to a large extent, Mooney viscosity, intrinsic viscosity, gel content and molecu- 
lar weight distribution. The relative tack strengths of polyisoprenes of differ- 
ent molecular weights prepared in different catalyst systems are measured. 
The results are discussed in terms of microstructure. A study of the tack 
strength of oil-extended butadiene-styrene copolymers indicates that relative 
tack strength is related to the shear viscosity of the bulk polymer. Measure- 
ments of relative tack strength on Alfin and free radical butadiene-styrene co- 
polymers, butyl, brominated butyl and butadiene-acrylonitrile copolymers con- 
firm the inportance of shear viscosity in controlling tack strength. Choice of 
catalyst system and temperature of polymerization cause the largest variation 
in polymer viscosity. The contact time required for the relative tack strength 
to become unity is shown to be inversely dependent upon the value of the rela- 
tive tack strength itself. Shear viscosity measurements are given for six classes 
of polymer and the values shown to correlate with relative tack strength. It is 
postulated that molecular weight (and probably also chain entanglement) is 
the controlling variable. The bond strength between two different uncured 
polymers is shown to depend upon the difference in cohesive energy densities 
of the two polymers. 
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ADHESION EFFECTS IN BONDING RUBBER 
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(USSR), Lasoratrory oF SurFaceE PHeENoMENA, Moscow, USSR 


Adhesives based on isocyanates for bonding rubber to metals were first 
developed and used in Germany during the Second World War'. Adhesives, 
based on isocyanates, for rubber-metal bonding are used in a number of coun- 
tries under various trade names (HDI, Vuleabond TX, Xylen M, Desmodur R, 
MD-1). In the USSR, ‘‘Leukonat” isocyanate adhesive is widely used. The 
reasons for the wide use of isocyanate adhesives are that the bonds obtained are 
the most suitable for general purposes and have a number of valuable proper- 
ties: heat resistance, freeze resistance, resistance to solvents, oils, and water, 
and good stability to repeated deformation. 

There have been numerous investigations?~> of the properties of bonds 
formed by isocyanate adhesives. However, there is still no definite theory 
concerning the causes of bond formation at the adhesive-rubber and adhesive- 
metal boundaries. The various viewpoints advanced in the literature are often 
unsupported by experimental data. For example, in Bayer’s paper! it is sug- 
gested that isocyanates react with the hydroxide layer on the metal surface 
during bonding of rubber to metal. Bayer also states that isocyanates can 
polymerize into compounds of high molecular weight under the action of metals 
or basic compounds. 

Proske,® not excluding the possibility of electrical forces arising at the 
adhesive-rubber boundary, also states that in rubber-metal bonding by means 
of isocyanates chemical reactions with the oxygen-containing groups of the 
rubber may occur. The suggestion is made in the same paper that the —N= 
C=O group is of decisive importance in adhesion of the adhesive film to 
metal; the rest of the isocyanate molecule, i.e., the hydrocarbon portion, forms 
a bond with rubber. On the whole it may be said that’ adhesion phenomena, 
which include rubber-metal bonding, are not sufficiently well understood. The 
electrical theory of adhesion put forward by Deryagin and Krotkova’ is the 
most fully developed theory of the adhesive bond. The above examples cover 
all the existing views on the mechanism of rubber-metal adhesion by means of 
isocyanates. 

An attempt is made in the present paper to approach the problem of rubber- 
metal bonding by means of Leukonat isocyanate adhesive. The isocyanates, 
as a chemical class, have a number of characteristic properties, such as poly- 
functionality (mono-, di-, and triisocyanates exist), and exceptional chemical 
activity. The formation of isocyanate polymers is based on the fact that the 
isocyanate group —N=C=O contains a double bond between N and C, at 
which active hydrogen can be added extremely readily. Bayer! arranged com- 

* Reprinted from the Colloid Journal, Vol. 19, pages 417-423 (1958); a translation by Consultants 
Bureau, Ine. of Kolloidnyt Zhurnal 19, 412-420 (1957). 
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1 





Fie. 1.—Deryagin’s rotating plate instrument: 1-1) plate; 2) axis; 3’-3’) film; 4) load. 


pounds containing active hydrogen in the following series by their order of 
reactivity toward isocyanates: amines > water > alcohols > acids > urea 
derivatives > phenols > compounds with active methylene groups. 

The present paper gives a description of an investigation of adhesion of 
rubber to metal by means of Leukonat, which is a 20% solution of triphenyl- 
methane triisocyanate in dichloroethane. 

Methods.—The strength of the rubber-metal bond was measured in terms 
of the specific work of peeling the rubber from the metal. Several methods 
and instruments for this purpose have been described previously’. The princi- 
ple of one of these is illustrated in Figure 1. The specific work of peeling was 
calculated by the equation: 


P 


A= b (1 — cos a) (1) 


where P is the weight of the load; / is the length of the plate; b is the width of 
the plate; a is the peeling angle; A is the specific work of peeling. If the plate 
is horizontal, then 


A = P/b (2) 


Deryagin and Krotova’ showed that the work of peeling depends on the 
rate at which the polymer film is peeled from the support. 

In the present paper the test results are also shown in the form of adhesion 
diagrams showing the work of peeling as a function of the rate at which the 
rubber is peeled from the metal. The peeling rate of the rubber from the metal 
was varied between 0.001 and 1 em/second, approximately a 1000-fold range, 
and the peeling angle was 90°; for this, a special self-regulating device was 
designed. 

The experimental procedure was as follows. The surfaces of steel plates 
(110 X 25 X 3) were cleaned with No. 100 fine grain emery paper or sand- 
blasted, according to the experimental conditions, and washed with ligroine; 
the plates were then coated with a thin uniform layer of Leukonat by dipping 
by means of a special device. Prepared samples of raw rubber mixes were 
freshened by solvent, after which the coated plates and rubber samples were 
placed in a mold and vulcanized in a press under the optimum vulcanization 
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conditions for the particular rubber. The projecting edges of the treated rubber- 
metal specimens were cleaned off and the specimens were tested as described 
above. 


EXPERIMENTAL 


The subject of this paper is a study of the influence of fillers in the rubber on 
the bonding of rubber to metal by Leukonat adhesive in vulcanization. As is 
known, fillers play an important part in vulcanized natural and especially 
synthetic rubbers. The physicomechanical properties of rubbers can be varied 
over wide limits by addition of various fillers. Fillers may be divided into two 
groups according to their effects on the physicomechanical properties of the 
vulcanized products: reinforcing and inert fillers. The commonest fillers used 
in the rubber industry are various carbon blacks. No single existing theory 
accounts for all the variety of effects associated with filler reinforcement. It 
has been shown however, that reinforcement is influenced by such factors as the 
degree of dispersion and the shape of the filler particles, the nature of the 
secondary structures formed by them, and the surface properties of the filler 
particles’. 

It is now known that the surface of a channel black particle is not chemically 
inert. Chemical groups containing hydrogen and oxygen are present on this 
surface. The oxygen is usually present in the carbon black structure entirely 
in the form of oxygen-containing groups. Several papers have appeared in the 
literature!’ on the chemical nature of the channel black surface, in which it is 
stated that the following groups may be present in the surface of channel black 
particles: phenolic, carboxylic, quinone, ketone, aldehyde, peroxide, hydro- 
peroxide, ester, alcoholic, ete. The complex nature of the chemical behavior 
of the carbon surface is a consequence of this diversity of the chemical groups 
present. 

As is known, the carbon black surface adsorbs rubber and certain ingredients 
of rubber mixes. The adsorbed ingredients and those dissolved in the rubber 
participate in different ways in vulcanization, oxidation, or aging. Moreover, 
catalytic processes should occur at the carbon black surface, activated by con- 
densation of the substances in adsorbed layers and orientation of their mole- 
cules". On the other hand, a part of the ingredients adsorbed on the carbon 
reacts chemically with the carbon surface and is thereby deactivated”. There 
is no doubt that the nature of the carbon surface must play an important role 
in rubber-metal bonding. 

A paper® was published in 1952, describing the use of an adhesive containing 
carbon black (of the channel black type) as an intermediate layer between the 
material causing adhesion to the metal (brass, and to chlorinated rubber) and 
the rubber. The adhesive containing the carbon black was made in a mixer 
from a mix made on rolls and in a ball mill into which the raw rubber and the 
other ingredients were introduced directly. The greatest bond strength was 
obtained with the use of the adhesive made in the ball mill. The investigation 
showed that the adhesive made in the ball mill contained the carbon black 
particles in the form of floccules, while the flocculation was considerably less in 
the adhesive made in the mixer. The authors consider that the carbon black 
particles in the floccules are incompletely wetted by the adhesive and are there- 
fore able to react directly with adjacent surfaces. The effect of the pH of the 
carbon black added to the adhesive on the rubber-metal bond strength was also 
studied. It was found that the rubber-metal bond strength increases with 
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decreasing pH of the carbon black.% The diversity of the functional groups 
present on the carbon black surface is, in the opinion of the authors, an ade- 
quate explanation of this increase of adhesion. 

It was mentioned earlier that isocyanates react very readily with substances 
containing groups with active hydrogen. In view of this property of isocyan- 
ates it was of interest to see how introduction of different kinds of carbon black 
into the rubber would influence its adhesion to a Leukonat film. The following 
blacks were tested: gas channel, furnace, jet, lamp and thermal. 

The material to which various fillers were added was “Nairit’’ rubber, as it 
has fairly high strength both with and without fillers, so that adhesive peeling 
of the rubber from metal can be obtained in most cases. 


CoMPOSITION OF NAIRIT Stock 


Nairit B 100 
Zine oxide 5.0 
Magnesium oxide 7.0 
Stearic acid 1.0 
113.0 


Fifty parts by weight of the different carbon blacks was added to this mix. 
The rubbers were bonded to steel plates cleaned with No. 100 emery paper. 
The metal surfaces were sandblasted only in special cases, which will be men- 
tioned. 

Figure 2 shows a series of adhesion diagrams for rubbers containing different 
carbon blacks. It is seen from Figure 2 that some blacks have a significant 
influence on the adhesion of rubber to metal with the use of Leukonat. Un- 
filled Nairit rubber has high adhesion to Leukonat film, but when it is peeled 
away most of the adhesive remains on the metal, so that the adhesion of the 
Leukonat film to metal is still higher. When active fillers of the channel black 
type are added to the rubber, the strength of the rubber-metal bond decreases, 
and the nature of the peeling changes: the adhesive film is attached to the rub- 
ber. Addition of thermal black (a filler of low activity) to the rubber produces 
some increase of the rubber-metal bond strength, the adhesive remaining on the 
metal and the peeling being mainly cohesive in character. 





Qoo aa a 1 
peeling rate, cm/sec 


specific work of peeling, 


Fra. 2.—Work of peeling of rubbers containing different carbon blacks, from steel: /) gas channel black, 
adhesive on rubber after peeling; 2) lamp black, adhesive on rubber; 3) jet black, most of the adhesive on 
rubber; 4) without carbon, most of the adhesive on metal; 5) thermal black, adhesive on metal. 
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Fie. 3.—Work of peeling of different rubbers, containing different fillers, from steel: a) SKN-26: 1) gas 
channel black, adhesive on rubber after peeling; 2) without carbon, most of the adhesive on the metal; 3) 
thermal black, peeling along the rubber, adhesive on the metal; b) NR: /) gas channel black, adhesive on 
the rubber; 2) without carbon, peeling along the rubber, adhesive on the metal; 3) thermal black, rubber 
torn out in places, adhesive on the metal; ¢) SKS-30: /) gas channel black, adhesive on the rubber; 2) with- 
out carbon, rubber torn, adhesive on the metal; 3) thermal black, rubber torn, adhesive on the metal. 


It was next decided to test how the same carbon blacks influence the bond 
strength between metal and other rubbers with Leukonat as adhesive. Two 
most characteristic types of carbon black—gas channel and thermal—were 
used for these experiments. Three rubbers were tested; butadiene-acrylonitrile 
(SKN-26), natural (NR) and butadiene-styrene (SKS-30). The compounding 
formulas are given in the table. 

Figure 3 shows adhesion diagrams for the bond strengths between metal and 
rubbers based on SIK.N-26 (Figure 3a), NR (Figure 3b), and SKS-30 (Figure 3c) 
containing different carbon blacks. 

The results given in Figure 3 show that in all cases, irrespective of the type 
of rubber, the presence of channel black in the rubber results in decreased rub- 
ber-metal bond strength, with the adhesive film attached to the rubber, while 
in presence of thermal black high adhesion of rubber to metal is obtained, and 
the peeling remains of the same character as with unfilled rubbers, i.e., the ad- 
hesive remains on the metal. Therefore the carbon added to the rubber is 
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CoMPOUNDING FormuLAsS FoR RuspBeR MIrxeEs IN Parts BY WEIGHT 





Mix no. 

SS 121K 121T 122K 122T 123K 123T 
Natural rubber 100.0 100.0 --- a= _- 
SKN-26 —_ — 100.0 100.0 --- - 
SKS-30 —_ — — —_ 100.0 100.0 
Stearic acid 0.5 0.5 0.5 0.5 2.0 2.0 
Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0 
MBT 0.7 0.7 0.8 0.8 0.6 0.6 
Thiuram _ _— — —_ 0.1 0.1 
Gas channel black 50.0 . 50.0 — 50.0 — 
Thermal black - 50.0 — 50.0 -- 50.0 
Sulfur 3.0 3.0 1.5 1.5 2.0 2.0 
Total 159.2 159.2 157.8 157.8 159.7 159.7 


involved in the mechanism of rubber-metal bonding by means of Leukonat 
adhesive. Toconfirm this, in the following series of experiments the interaction 
of carbon blacks directly with the Leukonat adhesive was studied. The experi- 
mental procedure was as follows: 0.16 g of carbon black and 0.6 g of Leukonat 
adhesive were put into a glass tube. The tube was sealed and heated in a therm- 
ostat; it was then opened, the carbon was filtered off from the adhesive and 
repeatedly washed on the filter with dichloroethane until traces of isocyanate 
could no longer be detected in the washings. The isocyanate content of the 
solution was determined by titration. 

As has already been stated, isocyanates are chemically very active and have 
a tendency to cyclization in certain conditions, resulting in a decrease of the iso- 
cyanate group content. It was therefore necessary to determine whether high 
temperature may itself produce the changes which occur in isocyanates on 
heating. Experiments were carried out in which Leukonat was heated by itself 
(without carbon black) for 1, 2, 3 and 4 hours at 120° (the most severe condi- 
tions used in the present investigation). The results of these tests, given in 
Figure 4, show that when Leukonat is heated at 120° for 4 hours its isocyanate 
group content is practically unchanged. The results obtained in heating of 
channel black with Leukonat adhesive at 80, 100 and 120° are given in Figure 5. 
From these results it was possible to calculate the apparent activation energy 
of the reaction of channel black with triphenylmethane triisocyanate by means 
of the Arrhenius equation. The apparent activation energy was found to be 
8900 cal/mole. 

Experiments in which thermal black was heated in sealed tubes with Leuko- 
nat showed that in these conditions thermal black does not react with tripheny]- 
methane triisocyanate, and the isocyanate group content of the adhesive re- 
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Fio; 4.—Effect of heating Leukonat adhesive at 120° on its isocyanate group content, 
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mains practically unchanged. These experiments showed that the nature of 
the filler present in the rubber influences the bonding of the rubber to metal by 
means of Leukonat. A comparison of the data on rubber-metal bonding with 
the results of experiments on the influence of the filler on the properties of the 
adhesive itself gives rise to the following picture. 

Unfilled rubbers of the types studied are firmly bonded to metal by means 
of Leukonat adhesive. This means that the film of adhesive is bonded equally 
well to the rubber and to the metal during vulcanization. However, when the 
rubber is peeled away from the metal most or all of the adhesvie (depending on 
the type of the rubber) remains on the metal, and therefore the adhesion of the 
Leukonat film is somewhat greater to metal than to rubber. 

On addition of an active filler of the gas channel black type to the rubber, the 
interaction of one of the surfaces (the rubber) with the adhesive film is greatly 
intensified. The bonding at the adhesive-rubber boundary is now effected not 
only by interaction between isocyanate and rubber, but also by interaction of 
the adhesive with groups containing active hydrogen, present on the carbon black 
surface. The number of active centers with which the isocyanate can interact 
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Fie. 5.—Variation of the isocyanate group content of Leukonat on heating 
with channel black at 80, 100 and 120°. 


is increased. The interaction between the metal and the adhesive film remains 
the same as before. Therefore during the bonding process the isocyanate 
groups react sooner with the more active rubber surface (the adhesive film is 
attached to the rubber) and the adhesion to the metal is decreased. Inactive 
fillers of the thermal black type introduced into the rubber have little influence 
on the processes occurring at the adhesive-rubber boundary. The peeling in 
this case remains of the same character as with unfilled rubbers (the adhesive 
remains on the metal after peeling). 

Experimental data providing further confirmation of these views are pre- 
sented below. Most of the rubbers studied have fairly good adhesion to 
Leukonat films, without added fillers. The adhesion of butyl rubber to the 
Leukonat film is very low (Figure 6). The results of the experiments lead to 
the following empirical rule: if the rubber-metal bond strength produced by 
Leukonat is high, this means that both surfaces in contact with the Leukonat 
film interact with it with approximately the same intensity. This corresponds 
to the bonding of most unfilled rubbers. 
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Fic. 6.—Effect of type of filler on the bonding of butyl rubber to steel by means of Leukonat adhesive: 


1) without carbon, adhesive on metal after peeling; 2) with thermal black, adhesive on metal; 3) with gas 
channel black, adhesive on metal, carbon particles on adhesive. 


If an active filler is added to such a rubber, one of the surfaces becomes more 
active, the adhesive becomes attached to it first, and the total bond strength 
produced is low. When unfilled butyl rubber is bonded to metal, the rubber 
surface has the lower intensity of interaction with the adhesive film; in this case 
addition of a filler of the gas channel black type may increase the intensity of 
interaction between the rubber and the adhesive film, thereby increasing the 
bond strength between the butyl rubber and the metal. Addition of a filler 
of the thermal black type to such a rubber should not greatly increase the ad- 
hesion of the rubber to the adhesive film. The experimental data in Figure 6 
confirm this view. Thus, it is demonstrated once again that carbon black 
present in rubber is directly involved in bond formation at the adhesive-rubber 
boundary when rubber is bonded to metal by means of Leukonat. 

It is well known from experience in the use of Leukonat adhesive that the 
metal should be sandblasted to obtain a sufficiently high bond strength between 
metal and rubber with the aid of this adhesive. It is reported in a number of 
papers that Leukonat adhesive softens during vulcanization and leaks out of 
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Fic. 7.—Effect of treatment of the metal surface on its bond strength with Nairit rubber: /) with chan- 
nel black, metal cleaned with emery paper, adhesive on rubber after peeling; 2) with thermal black, metal 
cleaned with emery paper, large pieces of rubber torn out: 8) with channel black, metal sandblasted, peel- 
ing along the rubber; 4) with thermal black, metal sandblasted, peeling along the rubber. 
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the mold. It was assumed that sandblasting of the metal prevents leakage of 
the adhesive, thus increasing bond strength. However, as has been shown in 
the present investigation, good bond strength can be obtained also with smooth 
metal surfaces if the rubber formulation is suitably chosen (unfilled rubbers of a 
number of types, rubbers with thermal black). Therefore this is not the sole 
cause of poor bonding with smooth metal surfaces. It was also believed that 
sandblasting increases the contact area between the metal and the adhesive 
film, with greater bond strength as a result. Several experiments were per- 
formed to test this; it was found that sandblasting increases the true surface 
area of the metal by a factor of 1.5-2, while the bond strength becomes 20—100 
times as great. Therefore increase of the contact area is also not the main 
sause of increased bond strength. The probable reason is that a sandblasted 
metal surface differs qualitatively from a surface which has not been so treated. 
The interaction intensity of adhesive films with such surfaces increases 
(Figure 7). 


peeling, ergs/cm* 


specific work of 


aon aol a 
peeling rate, cm/sec 


Fia. 8.—Effect of treatment of the metal surface on its bond strength with butyl rubber containing gas 
channel black: /) metal cleaned with emery paper, adhesive on metal after peeling; 2) metal sandblasted, 
adhesive on metal. 


By sandblasting the metal surface we tend to equalize the degree of inter- 
action of the Leukonat film with the metal and the rubber. The test results in 
Figure 7 show that rubber containing an active filler is bonded fairly firmly to a 
sandblasted metal surface: the peeling is cohesive in character. Sandblasting 
is quite ineffective for bonding rubber containing thermal black. As has al- 
ready been stated, when butyl rubber (with or without fillers) is bonded to 
metal by means of Leukonat adhesive, the adhesive remains on the metal in all 
cases. Therefore in this instance it is necessary to seek methods of increasing 
the activity of the rubber, for improving the bond strength. Sandblasting of 
the metal does not result in any considerable increase of bond strength. 

The slight increase of bond strength is evidently the result of an increase of 
the contact area of the sandblasted metal (Figure 8). 


SUMMARY 


1. In bonding of rubber to metal by Leukonat adhesive, the type of filler 
present in the rubber has a very great influence on the rubber-metal bond 
strength. 

2. Active fillers of the gas channel black type in the rubber mixture increase 
the interaction of the rubber with the adhesive film. 

3. Inactive fillers of the thermal black type have little influence on the inter- 
action of the rubber with the adhesive film. 

4. The results of the experiments suggest that Leukonat interacts chemically 
with active fillers present in the rubber during the bonding process. 
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5. The following empirical rule is formulated: high rubber-metal bond 
strength is obtained if the interaction of the adhesive film with the rubber is 
approximately of the same degree as with the metal. This rule is supported by 
the experimental data. 

6. Sandblasting of the metal surface increases the true contact area by a 
factor of 1.5-2, while the bond strength is increased 20 to 100 times; this indi- 
sates that qualitative changes occur in the surface on sandblasting and that the 
nature of the metal-adhesive interaction is greatly changed in the process. 


It is difficult to explain this other than on the assumption that the charge of 
the double layer at the metal-adhesive boundary is increased, and in conse- 
quence the work of separation of this layer at the boundary is greater. 
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SORPTION OF BINARY SOLUTIONS BY VULCANIZATES 
OF NATURAL AND SYNTHETIC RUBBER. 
I. ISOTHERMS OF EFFECTIVE SORPTION * 


G. L. STAROBINETS 


V. I. Lentn Warre Rvusstan State University, Minsk 


Extension of thermodynamic theory of swelling to systems of the type rub- 
ber-nonsolvent or rubber-polar solvent is very difficult. First, the calculation 
of the entropy of such a system is more difficult since the units of the quasi- 
crystalline network of the solution are occupied in this case not only by single 
molecules of liquid but by molecular groups. Second, the energy component 
of the free energy plays a larger part in such systems than in the rubber-non- 
polar solvent system. 

An even more difficult problem is the thermodynamic calculation on the 
high polymer systems in binary solvent mixtures which are often encountered 
in practice. At the present time the relationships which describe the thermo- 
dynamic functions of a binary system as a function of its composition are not 
known. Until this problem is solved an accurate thermodynamic calculation 
on the ternary system, polymer—solution-l—solution-2, is not possible. 
Basically there has been little success in trying to apply the thermodynamic 
theory of swelling of rubber in one solvent to binary mixtures’. It has been 
noted by S. M. Lipatov? that in the field of thermodynamic studies of solutions 
of high polymers the experimental work is even appreciably behind the theoret- 
ical, especially when applied to high polymer-binary solution systems. 

At least one other approach to the problem is possible from a study of the 
swelling of high polymer networks. The quantity and composition of solution 
adsorbed by the polymer could be predicted with the help of the theory of ad- 
sorption from binary solutions. For such an approach the ternary system 
polymer—solution-1—solution-2 is considered as a binary system that lies in 
the force field of adsorption. The attempt to apply adsorption theory by 
studying the swelling of rubberlike high polymers in one component systems 
has been described in the literature*. The data on swelling in two component 
systems has not, until now, been interpreted from this viewpoint. The present 
article presents the results of study of the effective sorption from binary solu- 
tions of differing nature by vulcanizates of NK (natural rubber) and SK (syn- 
thetic rubber). 

Since selective sorption occurs most strongly from some binary systems of 
the solvent-nonsolvent type, special attention was given to this type of system. 
Nonpolar rubber solvents chosen were benzene, cyclohexane, carbon tetra- 
chloride and p-dichlorobenzene. Toluene was chosen as a solvent with small 
dipole moment, and the polar solvents studied were chloroform, ethy! iodide 
and propyl bromide. As nonsolvents, methyl, ethyl, n-propyl, n-butyl, iso- 
butyl, isoamyl and benzyl alcohols, acetic, isovaleric, benzoic and salicylic 


* Translated by Theodor Tarasjuk, Katherine and Willard P. Tyler from Zhur. Fiz. Khim. 30, 1626-35 
(1956), for RuspeR CHEMISTRY AND TECHNOLOGY. 
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acids, acetone, methyl] ethyl ketone, ethyl acetate, phenol, nitrobenzene, hexane 
and dioxane were used. For the system solvent-1—solvent-2, the following 
mixtures were studied : benzene-cyclohexane, benzene-propy! bromide, benzene- 
ethyl iodide and benzene-chlorobenzene. One system, hexane-dioxane, of the 
nonsolvent-1—nonsolvent-2 type was also studied. 

In the present article the author attacks the problem of clarifying the rela- 
tionship between the types of isotherms of effective sorption of solvent and the 
thermodynamic properties of the binary solution. 


THEORETICAL CONSIDERATIONS 


Consider the equilibrium between polymer and the binary solution. From 
the equations for chemical potential of the components in both phases at 
equilibrium, it follows that: 


a? = exp { Hie whe | (1) 
ay, XI} RT 


where a is thermodynamic activity, (u)9 is chemical potential in the standard 


state and the index p means polymer phase. 
Similarly for the second component, 


canes (u2)o — uate } 
— RT 


The terms [(u41)o — (u1?)o] and [(u2)o — (u2?)o] aré called sorption poten- 


tials of components 1 and 2. The distinction between adsorption work and 
adsorption potential is given by A. S. Kiselev’. The value of the sorption 
potentials could be calculated from experimental data on distribution of the 
components of the binary solution between the two phases in dilute solution. 
In any case, in the standard state, 


a” Ni ) . 
— = — K 
( ay i... ( Ni N,70 . 
AP No? 
ane at ke Re 
( a2 = ( Ne Me . (4) 


where N; and Ny» are mole fractions and K,; and Ke are the distribution co- 
efficients of the components between polymer and solution. 

From this the need for the study of the equilibrium curve (the curve of 
mole fraction of a component in the polymer vs mole fraction of the same com- 
ponent in the equilibrium solution) between polymer and binary solution in the 
dilute solution region becomes obvious. What is more important is that the 
sign and the value of the sorption potentials of both components allow a pre- 
diction of the shape of the effective sorption isotherm. Since the amount of 
sorption is given per gram of sorbent, the equation for the calculation of 
effective sorption of the first component takes the form®'®, 


a,°tt = (n, + ne) (Ny? — Nj) (5) 


where a,‘ is the amount of effective sorption of the first component in gram- 
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moles per gram of sorbent, n; and m2 are the number of moles of the first and 
second component, respectively, that are sorbed by 1 gram of sorbent. 

From the relationship to Equations (1) and (2) it follows that if the values 
of the sorption potentials of both components are positive or negative, the 
effective sorption isotherms will be S-shaped and mirror images of each other. 
If the sorption potentials of the two components have opposite signs the iso- 
therms will be represented by bell-shaped curves located completely above or 
completely below the axis. 

So the existence of four types of effective sorption isotherms can be predicted. 
In the papers devoted to the study of the sorption of binary solutions on porous 
sorbents’, all of the thermodynamically predicted types of isotherms are 
mentioned. 

In the present work it will be shown that the amount of effective sorption of 
the solvent from solvent-nonsolvent systems is closely dependent on the sign 
and magnitude of the deviation of the binary system from the laws of ideal 
solutions. As a measure of the deviation from these laws, the value of the 
excess of free energy of formation of one gram-mole of solution, from the work 
of Scatchard!?“, was selected. In binary solutions composed of the same 
solvent and the members of an homologous series of nonsolvents (alcohols, ete.) 
the excess of free energy decreases in the same direction as the quantity (u1)o 
of Equation (1). At the same time the quantity (u:”?)o of Equation (1) 
changes little when going from one nonsolvent to another with the same solvent 
present. Therefore, in a series of binary systems of solvent with members of an 
homologous series of nonsolvents, the change in the excess free energy of forma- 
tion of one gram-mole of solution can change the sign of the sorption potential". 

It should be noted that there is considerable difference between the amount 
of selective sorption from binary systems with positive and those with negative 
deviations from ideal behavior. Since in the systems with positive deviation it 
is possible to have more sorption of the component present in the lower concen- 
tration (in other words the excess of free energy increases), the distribution co- 
efficient for this component can reach a value much greater than unity. The 
equilibrium curve between polymer and solution in this case is strongly asym- 
metrical and the selective sorption is great. 

In systems with negative deviation, sorption by the polymer of the com- 
ponent present in excess is more probable. The theoretically possible range of 
the distribution coefficient of the component present in the solution in lower 
concentration lies between zero and one, and in reality the range is considerably 
more narrow. It follows that the selective sorption from these systems must be 
less than from binary systems with positive deviations from ideality. 


EXPERIMENTAL METHOD 


The experiments described in this article were made with the following 
vuleanizates. 

1. Vulcanizates of a natural rubber compound of the composition: NK—100 
parts, stearin—I1l part, MBT—1.5 parts, zinc oxide—5 parts, and sulfur—2 
parts. They were vulcanized for 50 minutes at 132° C. 

2. Vulcanizates of sodium-butadiene rubber of the composition: SK (plas- 
ticity 35)—100 parts, MBT—0.25 part, DPG—2 parts, zine oxide—2 parts, 
stearin—1 part, rosin—0.5 part, lamp black—120 parts, sulfur—2.5 parts, 
machine oil--23 parts, and oleic acid—0.5 part. They were vulcanized for 15 
minutes at 140° C. 
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The method of extraction of samples prepared from these vulcanizates, and 
the method of study of the sorption and the interferometric analysis of the com- 
position of the sorbates are described in past papers!®!®, In the systems 
benzene-nitrobenzene, benzene-phenol, benzene-chlorobenzene, dioxane-benzoic 
acid and dioxane-salicylic acid, analysis of the equilibrium solutions was made 
with the Pulfrich refractometer. The pycnometer was used to analyze equilib- 
rium solutions of the systems benzene-propy] bromide and benzene-ethy] iodide 
because the components have large differences in specific gravity. The sub- 
stances were carefully purified using methods described in published papers!”"18. 

In this work the sorption by vulcanizates was studied, in most cases, in the 
saturated vapor phase which was in equilibrium with the binary system. A 
comparison of the results of sorption studies from mixtures of saturated vapors 
and from binary solutions in a number of binary systems convinced us that the 
isotherms of effective sorption were the same. At the same time the study of 
sorption from the vapor phase has a number of experimental advantages, one of 
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Figure 2. 


which is the possibility of determining the amount and the composition of the 
solution adsorbed by the polymer. 

To determine the equilibrium value of sorption the results of the kinetic 
experiments were treated by the well known method of Scott and Magat’. 
The basis of this method is the same formal idea underlying the mathematical 
analysis of sedimentation curves. The equilibrium value of the sorption was 
reached regardless of the manner of carrying out the process. For example, 
the sorption equilibrium of a mixture of benzene and n-butyl alcohol on NK 
vulcanizates was reached in two ways: 


1. Sorption was run in the saturated vapor phase. 

2. The samples were swelled for three days in the liquid phase and were then 
transferred to the vapor phase. The results of the experiment are given in 
Figure 1 for solutions in which the mole fractions of the alcohol were 0.360 and 
0.500. 


The points at zero time show how much liquid was absorbed per gram of 
rubber in three days. On trasferring from the liquid to the vapor phase the 
samples slowly shrunk and the curves united. Each point in Figure 1 repre- 
sents a separate experiment. Shrinkage of the samples on transferring from 
liquid to vapor phase is due to evaporation of micro drops of different radius. 
The size distribution of the micro drops naturally varies over quite a range 
from sample to sample, resulting in the scatter of points on curves 2. As Figure 
1 shows, the vapor sorption curve is completely smooth. Kh. M. Aleksandro- 
vich collaborated with us in obtaining the data for Figure 1. 

Calculated effective sorption isotherms of solvent from a series of binary 
mixtures are given in Figures 2-9. In the cases of sorption from a mixture of 
two solvents (such as benzene-propyl bromide) or two nonsolvents (such as 
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hexane-dioxane), the isotherm is for sorption of the less polar component or the 
one possessing the lower specific cohesive energy values. 


DISCUSSION OF EXPERIMENTAL DATA 


A study of Figures 2-9 confirms the ideas presented in the theoretical section. 
The larger the positive value of the excess free energy of formation of the binary 
solution the greater the selective absorption of the solvent from the system. 
In the systems solvent-homologous series of nonsolvents (such as alcohols), the 
value of the excesss free energy of one gram-mole of solution decreases with an 
increase of molecular weight of the nonsolvent. The amount of maximum 
effective sorption decreases in the same direction as is graphically illustrated in 
Figures 2, 8 and 9. 

Figure 7, showing the effective sorption isotherm from the chloroform-ace- 
tone system by vulcanized NK, demonstrates the effect of a negative deviation 
from Raoult’s law on the sorption process. For example, in contrast to the 
benzene-acetone system, acetone is selectively sorbed from the dilute chloro- 
form in acetone system in spite of the fact that chloroform swells the rubber 
much more than benzene. 

From a mixture of two solvents of the type benzene-chlorinated solvent, as 
shown in Figure 6, small quantities of the chlorinated solvent are preferentially 
sorbed. (The sorption of benzene is negative.) 

Asymmetric S-shaped curves of effective sorption are easily explained by 
studying the values of the sorption potentials given in the table and calculated 
with the help of the equations, 


¥i = RTI Kk, 
Yo = RT In Ko 


where K,; and K, are the distribution coefficients of the components. 

It can be seen from the table that in most solvent-nonsolvent systems the 
sorption potential of the nonsolvent is considerably less than that of the solvent. 
The gain in energy by sorption is mostly in the form of entropy, while the sorp- 
tion of nonsolvent takes place by more or less stable attachment of its molecules 
on the sorption sites of the polymer. As the strength of attachment of the 
molecules of nonsolvent decreases, due to shielding of dipole moment (benzene- 
ethyl acetate) or dimeric association (benzene-fatty acids), the values of the 
sorption potentials of the two components no longer differ and the S-shaped 
effective sorption curve becomes more symmetrical (Figures 3 and 4). 

A comparison of the effective sorption isotherms of benzene from the ben- 
zene-alcohol system at 20° and 50° (Figure 10) shows that the effective sorption 
of benzene hardly changes with temperature. This could be explained by the 
fact that the decrease in selective absorption of benzene with increase in 
temperature is compensated for by an increase in the total number of absorbed 
molecules, with the result that the product does not change appreciably with 
temperature. 

The table shows that the sorption potentials of solvents have more signifi- 
cance for vulcanized SK than for vulcanized NK. The opposite is observed 
for the potentials of nonsolvents. Thus the selective nature of sorption of 
solvents is shown more strongly with SK vulcanizates. This can probably be 
explained on the assumption that the double bonds in the 1,2 structure are 
weaker sorption sites for nonsolvent molecules than 1,4 structure double bonds. 
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TABLE 
VALUES OF DISTRIBUTION COEFFICIENTS AND SORPTION 
PoTENTIALS AT 20° C 
Binary system Ky Ke Cal/g-mole Cal/g-mole 
Sorbent—natural rubber vulcanizates 

Benzene-methanol 12.50 1.25 1471 
Benzene-ethanol 10.50 1.15 1369 
Benzene-n-propanol 9.00 1.11 1279 
Soke bethnnl 7.30 1.00 1157 
Benzene-acetone 1.65 0.90 292 
Benzene-ethy] acetate 1.20 1.55 255 
Benzene-dioxane 1.00 1.00 0 
Toluene-methanol 12.50 0.90 1457 
Toluene-ethanol 9.00 0.83 1270 
Toluene-n-butanol 6.00 0.84 1043 
Toluene-n-propanol 8.50 0.87 1246 
Toluene-dioxane 1.43 0.95 208 
Carbon tetrachloride- 

methanol 14.00 1.20 1537 

ethanol 13.00 1.00 1493 

acetone 4.00 0.77 804 
Hexane-dioxane 1.40 1.25 196 
Chloroform-acetone 0.55 0.95 —348 


Sorbent—synthetic rubber vulcanizates 


Benzene-methanol 17.50 1.15 1667 81 
Benzene-ethanol 14.30 1.00 1549 0 
Benzene-n-butanol 8.70 0.90 1260 —61 


Such an assumption is confirmed by the fact that side chain double bonds in the 
1,2 structure are less active toward oxidizing agents than 1,4 double bonds”.?!, 

Figures 11 and 12 show the effective sorption isotherms of the benzene- 
ethanol and benzene-acetone systems by NK vulcanizates and by activated 
carbon. The same figures also give the equilibrium curves between sorbents 
and solvents. The effective sorption isotherms and equilibrium curves for 
carbon were calculated from published experimental data”. 

The figures show that the S-shaped effective sorption isotherms of solvent 
on carbon are more or less symmetrical while the isotherms on vulcanized NK 
are extremely asymmetrical. The negative branch of the latter sorbent even 
disappears in the benzene-acetone system. Itis also noticeable that the maxima 
on the NK vulcanizate isotherms lie considerably above those on the activated 
carbon isotherm. The value of benzene sorption from the benzene-acetone 
system is 1.1 X 10-* g-mole on carbon and 5 X 107% g-mole on vulcanized NK. 
(Translator’s note: Reference to Figures 11 and 12 indicates that these values 
are for the benzene-ethanol system—Figure 11.) The maximum value of sorp- 
tion of carbon tetrachloride from the carbon tetrachloride-methanol system is 
1.5 X 10-* g-mole on carbon and 12 X 10~* g-mole on vulcanizates. The sorp- 
tion potentials of carbon tetrachloride and methanol on carbon are 1.0 and 1.1 
keal, respectively, according to Elton*®. For sorption on NK vulcanizates the 
sorption potentials of the same substances are 1.54 and 0.11 kcal according to 
our calculations (see table). So the sorption of carbon tetrachloride on rubber is 
energetically much more efficient than sorption of methanol. Similar relations 
hold in other systems of the solvent-nonsolvent type. The gain of energy on 
sorption of such systems on carbon is mainly due to dispersive action™, and the 
values are not much different for both components of the solution. Therefore, 
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Fia. 12.—Benzene-acetone. All numbers of curves 
and abscissa and ordinates the same as in Figure 11. 


Fra. 11.—Benzene-ethanol. 1—Effective sorption of 
benzene by carbon; 2—Effective sorption of benzene by 
vulcanized NK ; 3—Nw2 — N2;4—N2 — No. Abscissa; 
Ns. Ordinates; left—a,et!, g-moles/g -10*; right—N». 


S-shaped effective sorption isotherms with carbon are more symmetrical than 
with rubber, and the maximum values of sorption of the components do not 
differ greatly. 

From the above discussion it follows that many binary systems, especially 
those of the solvent-nonsolvent type with respect to rubber which possess posi- 
tive excess free energy, could be separated more effectively by means of rubber 
and its vulcanizates than by means of activated carbon. These properties of 
rubber as a sorbent should call attention to the use of rubber and its vulcani- 
zates in chromatography. 

We have studied the sorption properties of vulcanizates of NK and SK with 
changes in sulfur and black content. This proved that the shape of the 
equilibrium curve between polymer and binary solution does not depend on 
the degree of vulcanization or amount of filler in the rubber. Therefore the 
factor of efficiency of the sorption process is determined only by the nature of 
the rubber. Change of composition and amount of vulcanization network 
affects only the capacity of the sorption process. 


CONCLUSIONS 


1. The sorption of binary solutions by vulcanizate of natural and sodium- 
butadiene rubber was studied over the entire composition range of the follow- 
ing binary systems: benzene-low weight alcohols, benzene-low weight acids, 
benzene-polar derivatives of benzene, toluene-low weight alcohols, carbon 
tetrachloride-low weight alcohols, p-dichlorobenzene-low weight alcohols, 
benzene-acetone, benzene-ethyl acetate, chloroform-acetone, chloroform- 
methyl ethyl ketone, benzene-ethyl iodide, benzene-propyl bromide, hexane- 
dioxane. With the help of these data, coefficients of distribution of components 
between phases and sorption potentials of the components were calculated. 
Effective sorption isotherms of solvent from all the systems were constructed. 
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There is a close connection between the value of the effective sorption of 
solvent from systems of the solvent-nonsolvent type and the nature of the 
binary solution. The effective sorption of solvent is greater the larger the 
positive quantity of excess free energy of formation of the binary solution. 
From systems characterized by a negative value of excess free energy the solv- 
ent is sorbed to a far smaller degree than from systems with a positive deviation 
from the laws of ideal solutions. Sorption from binary solutions by rubber 
produces all four types of effective sorption isotherms that are predicted from 
thermodynamic considerations. 

3. Comparison of effective sorption isotherms from the same solvent-non- 
solvent system by vulcanized rubber and by activated carbon shows that the 
maximum value of effective sorption of solvent is much greater for the rubber 
than for the carbon. The selective nature of the sorption is also more strongly 
evident with the rubber: the negative branch of the S-shaped sorption isotherm 
from binary solutions on carbon is practically missing when the sorption takes 
place from the same solution on vulcanized rubber. From this it follows that 
many binary liquid systems as well as mixtures of saturated vapors could be 
more effectively separated on rubber and its vuleanizates than on-activated 
carbon. This conclusion could have practical value since the effective sorption 
by rubber changes little with temperature and the desorption process is easier 
to carry out with rubber than with carbon. 

4. It was established that the shape of the equilibrium curve between poly 
mer and binary solutions does not depend on the degree of vulcanization or the 
composition of the active fillers in the vulcanizate. From this it follows that 
the efficiency factor of the sorption process is determined only by the nature of 
the rubber and not by the composition of the vulcanizate. 

. From analysis of the e xperime ntal data it follows that sorption of solvent 
occurs largely as random mixing of its molecules with sections of the polymer 
chain. Sorption of nonsolvent takes place by more or less strong attachment 
of its molecules on sorption sites of the polymer. 
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INTRODUCTION 


If a homogeneous mixture of two polymers is to be obtained, both compon- 
ents must exhibit fluidity. It is, therefore, necessary first of all to analyze the 
process of mixing of two amorphous linear polymers capable of developing true 
irreversible deformation. However, though the mixing of two such polymers, 
from the thermodynamic point of view, constitutes the mutual solution of two 
liquid phases, it does not, in fact, take place spontaneously, since the exception- 
ally high viscosity of polymers! results in a negligible rate of diffusion of the 
long-chain molecules, even at elevated temperatures. For this reason, special 
procedures (mixed milling, evaporation of solvent from mixed solutions, ete.) 
are used to obtain polymer mixtures which exhibit no heterogeneity, even when 
examined by means of a good optical microscope. 

It is, however, quite evident that, should two polymers be mutually insolu- 
ble, the spontaneous separation of such artificially prepared mixtures into 
macroscopically distinct phases must proceed at infinitesimal rates as a result 
of the enormous viscosity of the system. In such cases, the flexibility of the 
chain, which permits the relatively rapid translation of individual segments of 
the chain, is an important factor. This property of chain molecules will result 
in a process by which the mixture of mutually insoluble polymers becomes 
resolved in extremely small volume elements, i.e., to the formation of two types 
of regions whose composition will accord with the thermodynamic conditions 
of phase separations*~*. Such mixtures of two amorphous polymers structurally 
closely resemble crystalline polymers, which are also microheterogeneous. In 
both cases, the dimensions of the regions differing in phase character formed 
by the segregation of segments are considerably smaller than the length of the 
chain molecules. 

For this reason, the macroscopic miscibility of two polymers is by no means 
equivalent to their microscopic miscibility, i.e., to true mutual solubility of the 
polymers. 

In connection with the two different possibilities of mixing, the problem 
arises of the effect of the nature of mixing on the physical properties of polymer 
mixtures. In addition, it is necessary to determine in which cases true mutual 
solubility of two polymers may be expected. According to current theory, the 
mutual! solubility of two polymers is determined almost entirely by the sign of 
the heat of mixing*-®. Since it may be anticipated that, in the large majority 
of eases, the mixing of two polymers be endothermic, true mutual solubility of 
polymers should be rare. In fact, the mixing of solutions of various polymers 
(in the same solvent) has been shown’’’, as a rule, to lead to the separation of 


* Reprinted from the Journal of Polymer Science, Vol. 30, Issue No. 121, July 1958, pages 625-637. 
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two layers, i.e., two phases. It seemed important to determine experimentally 
the heats of mixing of various polymers and compare the values found with the 
properties of mixtures of these polymers and the behavior of mixtures of their 
solutions. 


EXPERIMENTAL 


Direct measurement of the heat of mixing of two polymers is practically 
impossible because of the high viscosity of such systems. However, its value 
may be determined with the aid of Hess’s law of the independence of heat 
effects on the particular path chosen. Thus, for instance, by measuring the 
heat Q,* evolved when 1 gram of pure polymer A and 1 gram of pure polymer B 
are dissolved together in a large volume of solvent, and the heat Q.* evolved 
when 2 grams of a macroscopically homogeneous 1:1 mixture of polymers A 
and B is dissolved in the same amount of solvent, we may determine the integral 
heat of mixing Q, per 2 grams of polymers A and B (1:1). 


Q: = Q:* — Q:* 


The author (together with G. V. Struminskii) has carried out detailed 
determinations of the heats of solution of various polymers and their mixtures®’. 
From the results obtained, the integral heats of mixing were calculated accord- 
ing to the formula: 


Q: = Qi + Q2 + Q3 — Q 


where Q; and Qe are the heats of solution per gram of polymers A and B, 
respectively, in 100 grams of the pure solvent, Q3 is the heat of mixing of these 
solutions of polymers A and B, and Q, is the heat of solution of a mixture contain- 
ing 1 gram of polymer A and 1 gram of polymer B in 200 grams of the pure sol- 
vent. 

Table I characterizes the polymers used; Table II records the experimental 
heat values obtained; and Table III shows the behavior of solutions of pairs of 
polymer in the same solvent on mixing. 


TABLE [| 
INTRINSIC VISCOSITIES OF POLYMER SOLUTIONS 


Abbreviated Intrinsic 
Polymer name Solvent viscosity 
Sodium butadiene rubber SKB! Benzene 1.70 
Butadiene-styrene rubber SKS-30 Benzene 1.50 
Natural rubber NK Benzene 3.40 
Nitrocellulose (11.9% N) N. cell Acetone 1.90 
Cellulose acetate (ac. gr. 56%) Ac. cell (56%) Acetone 2.00 
Cellulose acetate (ac. gr. 48%) Ac. cell (48%) Acetone 1.25 
Benzylcellulose B. cell Chloroform 1.40 
Polystyrene PS! Benzene 2.90 
Polystyrene* PS? Benzene — 
Polystyrene* PS* Benzene b 
Polyvinylacetate” PV Ac! Acetone Ate 
Polyvinylacetate™* PVAc? Acetone 1.92 
Polymethylacrylate PMA Acetone 3.30 
Polybutylacrylate PBA Acetone 1.00 
Polymethylmethacrylate PMM Acetone 1.30 
Polybutylmethacrylate PBM Acetone 5.10 


* The superscripts refer to the polymer batch number. 
> Molecular weight 22,400. 











MUTUAL SOLUBILITY OF POLYMERS 89 


TABLE II 
INTEGRAL Heat oF MrxinG oF PoLYMERS 
Heat of 


Heat of solution 
mixing of of poly- Heat of 





Heat of solution of polymer Common polymer mer mix- mixing of 
¢ A - solvent solutions, tures, polymers, 
Q:, 2, for both 3, 4, le, 
Polymer cal/g Polymer cal/g polymers cal/2 g eal/2g cal/2¢ 
SKB! —1.55 SKS-30 —0.73 Benzene 0 —2.75 +0.5 
SKB? —1.73 Ps! +6.55 Benzene 0 +4.50 +0.3 
SKB? —1.73 Ps? +5.47 Benzene 0 +3.18 +0.6 
SKB —1.66 Ethylbenzene —1.08 Benzene 0 —2.37 —0.4 
NK —2.38 SKB! —1.55 Benzene 0 —4.26 +0.3 
NK —2.38 SKS-30 —0.73 Benzene 0 —2.85 —0.3 
B. cell +3.47 Pss +6.88 Cyclohex- 0 +11.60 —1.3 
anone 
B. cell +8.95 Pss +3.96 Chloroform 0 +16.78 —3.9 
N. cell +18.7 Ac. cell (56%)  +10.65 Acetone 0 +23.56 +5.9 
s ye +18.78 PVAc! +0.68 Acetone —0.25 +18.36 +0.9 
ce. ce 

(56% +10.65 PVAc! +0.68 Acetone 0 +14.24 —2.9 
Ac. cell 

(56%) +10.65 Ac. cell (48%) +8.46 Acetone —0.36 +26.70 —8.0 
PMA 0 PBM —2.44 Acetone —0.66 —3.13 0 
PMA 0 PMM +7.12 Acetone —0.40 +9.26 —2.5 
PBA —0.2 PBM —2.44 Acetone 0 —2.07 —0.6 
PMM +7.18 PBM —2.44 Acetone —0.25 +4.78 —0.3 
PVAc? +0.18 PMM +1.62 Acetone —0.24 +2.57 —1.0 
PVAc! +0.68 PBA —0.2 Acetone —0.53 +0.39 —0.4 


As may be seen from these data, in all cases where the mixing of the polymers 
is endothermic, mixtures of their solutions separate into two phases. How- 
ever, when the process is exothermic, the two solutions do not always form a 
single phase as would be expected on the basis of current theory’. The sys- 
tems anomalous in this respect are a polybutadiene-butadiene-styrene copoly- 
mer (30% styrene) and polybutadiene-polystyrene; these systems will be con- 
sidered later. 

To determine the effect of mutual solubility on the properties of polymer 


TABLE III 
BEHAVIOR OF A PoLYMER MIxTURE IN A COMMON SOLVENT 


Behavior of the solution 


Mixed solution of polymers Solvent mixture 

SKB + SKS-30 Benzene Separates into two phases 
SKB + SKS-30 Gasoline Separates into two phases 
SKB + PS! Benzene Separates into two phases 
SKB + PS? Benzene Separates into two phases 
SKB + ethylbenzene Benzene Remains homogeneous 

NK + SKS-30 Benzene Separates into two phases 
NK + SKB Benzene Remains homogeneous 

B. cell + PS! Cyclohexanone Separates into two phases 
B. cell + PS! Chloroform Separates into two phases 
N. cell + Ae. cell (56%) Acetone Remains homogeneous 

N. cell + PVAc! Acetone Remains homogeneous 

Ac. cell (56%) + Ae. cell (48%) Acetone Separates into two phases 
Ac. cell (56%) + PVAc! Acetone Separates into two phases 
PMA + PBM Acetone Separates into two phases 
PMA + PMM Acetone Separates into two phases 
PMM + PBM Acetone Separates into two phases 
PMM + PVAc? Acetone Separates into two phases 
PMM + Ae cell (56%) Acetone Separates into two phases 
PVAc! + PBA Acetone Separates into two phases 
Ac. cell (48%) + PVAc? Acetone Separates into two phases 


PBA + PBM Acetone Separates into two phases 
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mixtures, the author (together with N. F. Komskaia) has investigated the prop- 
erties of raw rubber mixtures prepared from the mixture of two rubbers, of 
unvulcanized rubber stocks prepared from two types of rubber, and of the cor- 
responding combined rubbers®". The behavior on mixing of solutions of the 
polymers was also examined. The following materials were used: natural 
rubber (NK), sodium-butadiene rubber (SKB), butadiene-styrene copolymers 
with varying amounts of styrene (SKS-30 and SKS-10), and a butadiene- 
acrylonitrile rubber (SK N-18). Typical rubber stocks with 50 parts by weight 
of carbon black per 100 parts of polymer or polymer mixture and a vulcanizing 
additive containing sulfur and mercaptobenzothiazole were used. Special at- 
tention was paid to uniform distribution of the ingredients in the rubbers and 
thorough kneading of the rubbers. The unvulcanized rubber stocks or rub- 
bers obtained were subjected to standard tests as well as to certain additional 
laboratory investigations. 
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Fie. 1.—Mechanical characteristics of combined rubbers prepared from mixtures of SKN-18 with 
SKB: (1) resistance to breaking; (2) relative elongation; (3) residual elongation; (4) resistance to tearing; 
(4) modulus at 200%; (6) modulus at 300%. Resistance to breaking is related to the cross section area 
at the moment of rupture; the modulus at 200% and modulus at 300% designate stresses related to the 
initial crogs section area at 200 and 300% elongation. 


The measurements showed that the dependence of a number of mechanical 
properties of the rubber stocks and rubbers on the ratio of the component poly- 
mers in the mixture showed well-defined extremes in the case of the combinations 
of butadiene-acrylonitrile copolymer (SK N-18) with polybutadiene (SKB) or 
the butadiene-styrene copolymer, SKS-30, and also the combination SKB 
+ SKS-30; the system polybutadiene-natural rubber, however, exhibited an 
unidirected change in properties. By way of example, Figures 1, 2, and 3 
record the findings for certain mechanical properties of rubbers prepared from 
mixtures of polybutadiene with a butadiene-acrylonitrile copolymer (SKB + 
SKN-18) or a butadiene-styrene copolymer (SKB + SKS-30) and of natural 
rubber with butadiene rubber (NK + SKB). Similar phenomena are ob- 
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Fig. 2.—Mechanical characteristics of combined rubbers prepared from mixtures of SKB with SKS-30: 
(1) resistance to breaking; (2) relative elongation; (3) residual elongation; (4) resistance to tearing; (4) 
modulus at 200%; (6) modulus at 300%. 


served in the case of other mechanical properties. Thus, e.g., with a change in 
the ratio of the components, the mechanical losses of the rubbers, shown in 
Figures 1 and 2, pass through maxima, while endurance to multiple bending 
passes through minima (Figure 4). 

Investigation of the viscosity (at 100° C) of the raw rubber mixtures and 
of the unvuleanized rubber stocks showed that this property, too, passes 
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Fig. 3.—-Mechanical characteristics of combined rubbers prepared from mixtures of NK with SKB: 
(1) resistance to breaking; (2) relative elongation; (3) residual elongation; (4) resistance to tearing; (4) 
modulus at 200% ; (6) modulus at 300%. 
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Fic. 4.—Endurance of combined rubbers to multiple bending strain: (a) (1) SKS-30+SKB; (2) SKB+NK; 
(3) SKS-30+NK. (b) (1) SKN-18+SKB; (2) SKN-18+SKS-30; (3) SKN-18+NK. 


through a maximum with respect to dependence on the composition of the 
mixture for those cases in which the corresponding combined rubbers exhibit 
the extremes mentioned above. However, in the system butadiene rubber 
(SKB)-natural rubber (NK), the viscosity-composition curve shows a monot- 
onous character. For example, the appropriate curves for four combined 
mixtures of raw rubbers and the corresponding unvulcanized rubber stocks are 
shown in Figures 5 and 6. 

Since most of this work was carried out with combined rubber and not with 
mixtures of pure raw rubbers, it was necessary to verify the effect of the 
additives, particularly the filler, vulcanizing additive, and plasticizer. The 
investigation showed that the presence or absence of extremes on the property 
versus composition curves was determined solely by the polymers themselves, 
though the values and positions of the maxima or minima might be affected to 
some extent”, 
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Fig. 5.—Viscosity of raw rubber mixtures prepared on the basis of combining two raw rubbers: (1) SKS-30 


+SKB; (2) SKS-30+NK; (3) SKS-30+SKS-10; (4) SKB+NK. 
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Fia, 6.—Viscosity of rubber stocks prepared on the basis of combining two raw rubbers: 
(1) SKS-30+SKB; (2) SKS-30+NK; (3) SKS-30+SKS-10; (4) SKB+NK. 


DISCUSSION 


The investigation of mechanical properties described above showed that 
raw rubber mixtures, mixed rubber stocks, and rubbers prepared from mixtures 
of two raw rubbers fall into two groups: one includes those systems in which the 
dependence of various properties on the ratio of the polymeric components 
exhibits the extremes; the other includes systems which show unidirected 
changes in properties. Since the first group includes systems such as mixtures 
of the polar butadiene-acrylonitrile copolymer SKN-18 with the non-polar 
butadiene, butadiene-styrene, and natural rubbers, and the second mixtures of 
two non-polar rubbers, polybutadiene (SKB) and natural rubber (NK), it 
seems evident that the systems of the first group are microheterogeneous (as 
a result of phase separation in microregions), while systems of the second group 
represent true polymer-in-polymer solutions. The behavior of solutions of the 
corresponding pairs of polymers on mixing fully confirms this assumption. 

In this connection, particular interest attaches to the systems polybuta- 
diene-butadiene-styrene copolymer (SKB-SKS-30) and polybutadiene-poly- 
styrene which, as has been mentioned, show distinct extremes in the property- 
composition curves (cf. Figs. 2, 4, and 5) and phase separation when mixed in 
solution, but nevertheless exhibit an exothermal effect on mixing (cf. Table 
II). This behavior, though at first sight incompatible with the general theo- 
retical view, can be readily understood on more detailed analysis. 

It is evident that, since a mixture of solutions of SKB and SKS-30 separates 
into two phases, the mixing of these solutions requires the absorption of heat 
(though the absolute value of the effect may be small). The extremes on the 
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property-composition curves of the corresponding rubbers show equally clearly 
that, in the course of preparation of these rubbers, separation of the system into 
two phases in microregions occurred, this separation being fixed by vulcaniza- 
tion. Hence, at the temperature of formation of the rubber (143° C), the 
mixing of the two polymers must also be endothermic. Since the copolymer 
SKS-30 contains phenyl groups but the polybutadiene SKB does not, the endo- 
thermic effect of mixing the two raw rubbers is in accordance with the known 
endothermic effect observed on mixing low-molecular aromatic and aliphatic 
liquid hydrocarbons (e.g., benzene and hexane) and with the absorption of heat 
observed when SKB is dissolved in ethylbenzene (cf. Table II), a simple low- 
molecular model of polystyrene. It follows, therefore, that the exothermic 
effects observed by us for the mixing of polybutadiene with SKS-30 or with 
polystyrene at room temperature are due not to intermolecular interactions, 
which are the same for polystyrene and for ethylbenzene, but to differences in 
the molecular arrangement of SKS-30 and polystyrene on the one hand, and of 
ethylbenzene, on the other. These differences have recently been revealed in 
a number of papers! in which it was shown that polymers possessing rela- 
tively rigid chain molecules have lower densities than should have been expected 
on the basis of the values for the hydrogenated monomers and the monomers 
themselves with the contraction on polymerization being taken into account. 
For polystyrene, in particular, it was demonstrated that the release of heat ob- 
served when this polymer is dissolved in ethylbenzene is due to the loose ar- 
rangement of the polystyrene molecules at room temperature. It was also 
shown that butadiene-styrene copolymers retain the loose structure typical of 
polystyrene to an extent dependent on their styrene content’. 

The release of heat on mixing SKS-30 or polystyrene with polybutadiene, 
is, hence, due to a decrease in the total volume of these systems on mixing. 
However, at temperatures above the softening-point of polystyrene (about 
80° C), the looseness of packing of these polymers disappears and, consequently, 
at these temperatures there is no decrease in volume on mixing. The positive 
component of the heat of mixing accordingly disappears, so that the sign of the 
overall effect becomes negative. It is evident that, when solutions of poly- 
butadiene are mixed with solutions of SKS-30 (or polystyrene) which have al- 
ready undergone a decrease in volume during the process of solution, the heat 
effect on mixing is necessarily endothermic. From these considerations, it 
follows that mixtures of polybutadiene with SKS-30 or with polystyrene must 
exhibit a lower critical temperature of mixing in the neighborhood of 80° C. 
It must be borne in mind that any process involving a closer packing of the 
loosely packed polymer will decrease the positive component of the heat of 
mixing and hence will lower the critical temperature of mixing of the two poly- 
mers. In particular, such an effect is to be expected from the plasticizing of 
the loosely packed polymer by low molecular weight solvents. 

It should also be noted that, in the case of polymers with flexible molecules 
whose arrangement differs but little from that of their low molecular weight 
polymer homologues, the heats of mixing of the polymers (per unit weight of 
the mixture) are the same as the heats of mixing of the corresponding hydro- 
genated monomers’. Thus, the anomalies observed with polybutadiene- 
SKS-30 and polybutadiene-polystyrene systems are characteristic of loosely 
packed polymers, i.e., polymers with more rigid molecules. It is evident that, 
in such cases, the volume contraction and the corresponding heat effect may 
not be neglected in theoretical considerations. 
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In conclusion, we may touch upon some general problems whose detailed 
treatment lies outside the scope of this communication. 

First of all, it should be noted that the application of thermodynamic rela- 
tions and concepts (e.g., the concept of a phase) to systems in which the scale 
of heterogeneity is smaller than the length of the molecules requires serious 
critical analysis. This remark naturally applies not only to microheterogene- 
ous polymer mixtures, but also to crystalline polymers which have recently 
been discussed in detail, paritcularly from this point of view. Furthermore, 
the loose packing of polymers may be either an equilibrium or a nonequilibrium 
property, which further limits the applicability of thermodynamic concepts to 
such polymers. 

It should further be noted that, as it has recently been shown!.', in addition 
to the normal flow of polymers which takes place via the thermal motion of 
segments of the chain molecules, the application of great mechanical stresses 
may induce a flow by a second mechanism (‘‘chemical flow’’), which involves the 
rupture of chemical bonds in the molecular chain or network, displacement of 
the free radicals thus formed, and their recombination. Similarly, it is neces- 
sary to distinguish between mixing of two polymers which takes place without 
any alteration in the chemical structure of the polymer and that involving 
changes in the chemical structure and composition of the component molecules. 
Obviously, the formation of block and graft polymers by mechanical treatment 
is a special case of this second type of mixing. In this paper, only processes of 
mixing not involving appreciable changes in the chemical structure of the poly- 
mers have been considered. However, investigations by the author (together 
with E. V. Reztsova) have shown that mixing of two mutually insoluble poly- 
mers, when affected by the drastic action of mechanical factors and, hence, 
attended by chemical changes, may result in the disappearance of extremes on 
the property-composition curves and of phase separation normally observed 
with solutions of such polymer mixtures. It is evident that these changes, 
under such reaction conditions, are due to the formation of a single new co- 
polymer from the two mixed components. 

Finally, it should be noted that the problems connected with crystallization 
in mixtures of two polymers have not been touched upon in this paper. 


SYNOPSIS 


Heats of mixing of polymers with each other have been measured, the be- 
havior of the mixtures of solutions of various polymers has been studied, and the 
dependence of mechanical properties of polymer mixtures on the ratio of com- 
ponents has been investigated. It has been shown that mixing of polymers 
with each other is usually an endothermic process and, therefore, leads to forma- 
tion of macroscopically homogeneous, but actually microheterogeneous, systems 
with an extremely high degree of dispersion. These microheterogeneous poly- 
mer mixtures are formed because of the enormous viscosity of polymer mixtures, 
which prevents macroscopic separation into phases but does not hinder the 
considerable mobility of the segments of flexible chain molecules. It has been 
shown that the dependence of mechanical properties of microheterogeneous 
polymer mixtures on the ratio of polymers in the mixture have sharp maxima 
or minima which cannot be found in the case of true polymers in polymer solu- 
tions. It has been found that the behavior of some polymer pairs is anomalous, 
in that exothermal mixing is supplemented by separation of the solution mixture 
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into phases and by the appearance of maxima or minima in the dependences of 
the properties of polymer mixtures on the ratio of polymers in the mixture. 
This anomaly has been attributed to the effect of loose packing of the molecules 
of the polymers which show anomalous behavior. It has been shown that, in 
these systems, there necessarily exists a lower critical temperature of mixing 
whose value can be decreased by adding low-molecular solvents to the loosely 
packed polymer. Attention has been drawn to the fact that, although mixing 
of amorphous polymers should be considered on a thermodynamic basis to be 
a mutual solution of two liquid phases, the large dimensions and the flexibility 
of polymer chain molecules require a critical revision of the possibility of formal 
application of the basic thermodynamic concepts and relations to a theoretical 
analysis of the behavior of polymer mixtures. 
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It has been shown that the shear-rate dependence of the viscosity of con- 
centrated polymer solutions can be explained in terms of known parameters of 
the solution’. If the concentration, temperature, zero shear viscosity, and 
molecular weight of the polymer are known, the decrease in viscosity with in- 
creasing shear rate can be predicted. Conversely, if one measures the shear- 
rate dependence of the viscosity, the molecular weight may be computed. We 
believe this provides a convenient method for the absolute determination of 
molecular weights of linear, coiling, high polymers. 

















Fia, 1.—The ratio of molecular weight determined by the shear-rate method, Mr ,to that obtained 
from dilute solution viscosity, Mv, as a function of M, for two polymers, polystyrene and polymethyl- 
methacrylate. 


To test this hypothesis, we have measured the shear-rate dependence of 
viscosity for many different samples of polystyrene and polymethylmethacry- 
late in a variety of solvents and at various temperatures and concentrations. 
Both fractions and whole polymers were used. The results are shown in the 
graph where the ratio of the molecular weight determined by the shear-rate 
method, Mr, to that obtained from dilute solution viscosity, M,, is plotted as 
a function of M,. Although considerable scatter exists, it appears to be random 
and is reasonable from a consideration of our experimental errors. The very 
high and very low values for M present the most experimental difficulty, hence 
the greater scatter in these regions. It is believed that with better equipment 


* Reprinted from The Journal of Chemical Physics, Vol. 27, No. 5, page 1210, November, 1957. See 
also the following article, this issue. 
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and with our present skill in experimental manipulation, more reliable results 
can be expected. 

The measurements were made in a cone viscometer operated by hanging 
weights over a pulley and timing the revolutions with a stop watch. Calcula- 
tion of the molecular weights was carried out as previously outlined, i.e., by 
comparing the theoretical and experimental curves for the variation of the 
viscosity with shear rate!. However, in order to increase the accuracy of the 
curve fitting procedure, the previous theoretical curve was replaced by one 
having a somewhat smaller slope since such a curve conforms more closely with 
the observed experimental data. 

In a previous note on this subject we indicated that anomalous values for 
M were obtained in certain cases. The reasons for this are now understood and 
they indicate that the present method may be of value in determining branching 
in high polymers. This is to be expected also from the recent theoretical work 
of Ham’, 

It is believed that the shear-rate molecular-weight method has great promise 
in those instances where its convenience is of primary importance. Once a 
solution is made, the molecular weight may be run in about an hour by even an 
inexperienced technician. 
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INTRODUCTION 


The absolute molecular weights of coiling polymers can be determined by 
several methods. Two of these methods, osmotic pressure and light scattering, 
are now in widespread use. Both methods are well developed and give reliable 
molecular weights, provided adequate care is taken. Unfortunately, these 
methods require rather exacting measurements and one might wish in many 
‘ases to sacrifice accuracy to a certain extent if ease of measurement could be 
increased. 

It is the purpose of this paper to show that reasonably accurate values for the 
molecular weight, M, can be obtained for linear coiling polymers from data ob- 
tained from a relatively simple experiment. The method is based upon the 
measurement of the viscosity of very concentrated polymer solutions, y, at 
various rates of shear, y. It will be shown that the method proposed here is 
capable of producing fairly accurate absolute molecular weights of linear coiling 
polymers with a minimum of expended effort. 


THEORY 


The measured viscosity of molten high polymers and their solutions is de- 
pendent upon the shear rate used for the measurement. It has been known for 
some time that the viscosity measured at high rates of shear is smaller than that 
measured at low shear rates. This effect is very large, evén at relatively low 
shear rates for very viscous polymer solutions. Recently it has become possi- 
ble to explain this effect in terms of molecular parameters!*. It is now known 
that this apparent change in viscosity is the result of the springlike behavior of 
coiling polymers as they are deformed and rotated under a shearing force. 
Two theories for this effect have been published!*, both of which agree in their 
basic essentials. Unfortunately, they do not agree completely in their pre- 
dictions. 

Both theories are restricted to very concentrated polymer solutions, above 
about 20 per cent polymer. They both predict that a single universal curve 
will result if »/no is plotted against log (yr), where 7 is the measured viscosity 
at a shear rate y, and mp is the viscosity at essentially zero shear rate. The 
quantity 7 is a molecular constant equal to 12 no/m’vkT, with v being the number 
of molecules per unit volume and kT being the usual product of the absolute 
temperature and the Boltzmann constant. However, the shape of the universal 
curves predicted by the two theories differ to some extent. One is unable to 
say a priort which theoretical curve is more correct and so we must decide this 
matter by experiment. 


* Reprinted from the Journal of Polymer Science, Vol. 32, pages 177-186 (1958). 
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Experiment (Standard) 
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Fic. 1,—The variation of measured viscosity with shear rate as predicted by the theory 
of ref. 1 and as actually observed from experiment. 


It so turns out that neither theoretical curve agrees perfectly with the ex- 
perimental data. The correct curve as determined experimentally in the 
manner indicated below is shown as the experimental curve in Figure 1. Since 
we shall use this curve as the standard curve for determining molecular weights, 
we have also tabulated its values in Table I. The curve in Figure 1 is one of 
the two theoretical curves!. 

The following procedure may be used to determine the absolute molecular 
weight of a linear coiling polymer. One plots the standard curve of Figure 1 in 
the form log (n/no) vs log (yr). The experimental variation of viscosity with 
shear rate is plotted to the same scale in the form log (n) vs log (vy). While 


TABLE I 


CooRDINATES FOR THE STANDARD CuRVE RELATING SHEAR 
Rate To Viscosity 


log (yr) log (10n/n9) 


— 1.40 0.998 
— 1.20 0.985 
— 1.00 0.970 
—0.80 0.949 
— 0.60 0.918 
—0.40 0.879 
—0.20 0.832 
—0.00 0.781 
0.20 0.720 
0.40 0.645 
0.60 0.562 
0.80 0.469 
1.00 0.373 
1.20 0.265 





ABSOLUTE MOLECULAR WEIGHT METHOD 101 


holding the respective axes of the two plots parallel, one superposes the experi- 
mental and standard plots. After this is done, it is true that the value of log (n) 
on the experimental plot which coincides with log (y/n0) = 0 on the standard 
plot is actually log (no). 

Similarly, the value of log (vy) on the experimental plot, call it log (yo), 
which coincides with log (yr) = 0 of the standard plot, is equal to log (1/7). 
Thus one has 

l/r = Yo (1) 


where log (70) is the value on the experimental plot which coincides with the 
value log (yr) = 0 of the standard plot. 
After replacing 7 in Equation (1) by its value as given above, one obtains 


M = (mr AckT/12noyo) (2) 


where A is Avogadro’s number, ¢ is the concentration of polymer in g/cc, and 
the other quantities are as defined above. Since both mo and yo can be read 
easily from the superposed standard and experimental curves, the molecular 
weight is computed readily. Notice that only one solution need be measured 
and that no extrapolations are necessary. 


EXPERIMENTAL 
THE VISCOMETER 


A cone viscometer was used to measure the viscosities because this type of 
instrument provides an essentially uniform rate of shear. A schematic diagram 
of our viscometer is shown in Figure 2. The main body of the instrument was 
constructed of brass but steel inserts were used at the tips of the cones. The 
outer cone had an apex angle of 80°, and interchangeable inner cones having 79 
and 76° apex angles were used. To minimize the effects of misalignment and 
sediment, the lower portion of the outer cone was drilled out as shown. Tem- 
perature control was obtained by circulating liquid from a constant temperature 
bath through ducts in the brass block. The outer cone was held fixed and the 
inner cone was rotated by a pulley system and weight as indicated. The speed 


String to pulley 
ond weight 





7 _—Doudle Bearing 
yj <3 
4 


Fig. 2.—A schematic diagram of the cone viscometer. 
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Fie. 3.—A diagram illustrating the symbols used in the text’. 


of rotation, w, was measured by timing with a stopwatch the rotation of a circu- 
lar scale fastened to the central shaft. 
The working equations for such an instrument are 


y = Tw (sin @)/sin (A0/2) (3) 


n = [8(A8)/42?wa* ] (torque) (4) 


where the symbols used are shown in Figure 3. The torque applied to the 
inner cone is the weight (in dynes) hanging from the string multiplied by the 
radius of the drum on which the string is wound, b. Strictly speaking, the 
radius of the string should be added to the radius, b, of the drum. [If all linear 
dimensions are expressed in centimeters, angles in radians, and w in revolutions 
per second, then y will be in sec™! and y will be in poise. 

It is possible to combine Equations (2), (3), and (4) to obtain the following 
convenient working relation: 


M = Q(cT, wo) (F, woo? (5) 


where F is the applied weight in grams and w is the angular speed in revolutions 
per second. The quantity Q is an instrument constant equal to 


Q = r®Aka®/18b sin 6 = 1.46 X 105(a3/b sin A) (6) 


Rather than compute the viscosity at each load, it is convenient to replace it by 
F/w, the applied load in grams divided by the angular speed w in reovlutions 
persecond. Also, y can be replaced byw. Thus, the experimental data can be 
plotted in the form log (F/w) vs log (w) instead of the way previously stated. 
The quantity log (wo) is the value on the experimental plot coinciding with 
log (yr) = Oof the theory plot,and log (F/w)o coincides with log (n/no) = 0 as 
indicated above. These are the quantities which are to be used in Equation (5). 


SOLUTION PREPARATION AND POLYMERS 


The solutions were parepared by sealing the polymer and solvent in test 
tubes and rotating at elevated temperatures until the solution was homogeneous. 
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As a rule, high-boiling solvents were used although on occasion toluene and 
benzene were the solvents. In these latter cases, considerable care had to be 
used to prevent evaporation. 

No significant variation in computed molecular weights was found upon 
varying the polymer concentration between 20-50 per cent polymer. For this 
reason, the solution concentration and solvent were usually chosen in such a 
way as to lead to solutions of convenient viscosity. A viscosity of about 1000 
poises is used most easily in our instrument, although measurements are possible 
in the rough range 20 to 50,000 poises. 

The polymers used for this work were of considerable variety as far as poly- 
merization method was concerned. Both emulsion and bulk polymerization 
methods were used. Some of the polymers were fractions prepared by a single 
fractional precipitation from an original 1 per cent solution so as to obtain 
about eight fractions. Except for two samples of polymethyl methacrylate 
which proved anomalous for reasons mentioned later, no appreciable difference 
in the shape of the curves obtained for the fractions and whole polymers was 
noticed. 

Molecular weights of the polymers used in this study were measured by the 
usual dilute solution viscosity methods. We used the following relations for 
that purpose: 

Polystyrene (PS) in benzene 


(n] = 1.03 x 10 M°-74 
Polymethyl methacrylate (PMMA) in chloroform 
[n] = 4.8 x 10-5 M?-8 


The standard curve shown in Figure 1 was determined from several runs at 
various concentrations on an unfractionated polystyrene having an M, of 
224,000*. Within the limits of our experimental error, all the other polymers 
examined (except the two previously mentioned) conformed to this standard 
curve. 
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Fic. 4.—A‘superposed plot of a typical set of experimental data and the standard curve. 
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METHOD OF COMPUTATION 


Data for a typical run on PMMA in ethyl phthalate (¢ = 0.217) are illus- 
trated in Figure 4 where we have plotted log (F/w) vs log w). The angular 
velocity, w, is in revolutions per second and F, the driving load, is in grams. 
(Actually, F is the applied load less about 1 g. This is the correction needed 
for the inherent friction in the pulley, etc., as determined from the intercept of a 
load vs w graph for a Newtonian fluid). This curve can now be superposed 
with the standard curve, drawn to the same scale, and the superposed curve is 
also shown in Figure 4. Reading directly from the graphs, one has (F/w)o 
= 187,000 and also wo = 0.000631. Since our instrument constant, Q, is 
1,230,000 for the cone used, it is possible to substitute directly into Equation 
(5) and compute M. One then has, since the temperature was 323° K, 


M = (1.23 X 108) (0.217) (323)/6.31 X 10-4) (1.87 X 10°) (7) 
M = 730,000 


RESULTS 
RELIABILITY 


A composite graph showing the reliability of the shear rate molecular weight 
method is shown in Figure 5. Each point represents a single polymer sample 
whose molecular weight was determined both by the shear rate method, Map, 
and by dilute solution viscosity, M,. The ratio Mp/M, is plotted vs log M,. 
The open points are for PMMA and the closed ones for PS. 

It should be pointed out that the data indicated are the original data ob- 
tained. No averaging process was used and each point represents a single 
determination. Because some of these points were obtained before our teeh- 
niques had been completely perfected, it is not surprising that some scatter 
exists. Moreover, it should be noticed that in the range of 80,000 < M, < 
1.5 < 10°, the error never exceeds 15 per cent and is less than 10 per cent for all 
cases but one. The deviations at very low and very high M values result from 
the experimental difficulties encountered in these regions. 

The results shown in Figure 5 are rather strong support for the validity and 
practicability of the shear rate method. It is gratifying to notice that reason- 
able molecular weight distributions do not greatly influence the result. For 
example, both whole polymers and fractions are represented in Figure 1 of the 
preceding article, this issue. It is clear that Mp is reasonably close of M, in 
these cases. However, this is not always the case as indicated below. 


EFFECT OF MW DISTRIBUTION 


Although Mr and M, are in reasonable agreement for not too radical a 
molecular weight distribution, it turns out that Mz, is more seriously influenced 
by a small amount of very large molecules than is M,. We have not yet com- 
pleted a study of this effect but the following results are indicative. 

Using two whole polymers of PMMA with M,’s of about 250,000 and 
1 X 10°, we have prepared intermediate mixtures of the two. For calculated 
M,. values of 4 X 10° and 5.5 X 10°, we obtain M, values of 3.4 X 10° and 
5.2 X 105. For these same mixtures the shear rate values are 4.5 X 10° and 
12 MAG. 

Obviously the value of Mz is raised more by the presence of a small amount 
of high M material than are M, and M,,. It should be pointed out, however, 
that this effect will depend to some extent on just what procedure one uses for 
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the curve fitting of Figure 4. If we had carried our measurements to larger 
shear rates, the effect of the lower M material should become more pronounced. 
As it is, the range available to our instrument tends to emphasize the higher 
molecular weights in extreme cases such as these. 


EFFECT OF GEL AND CROSSLINKING 


Two of the many PMMA samples which we used were anomalous in that 
they consistently gave too low a value for Mr, even when fractionated. It oc- 
curred to us that this might possibly be evidence for branching in these poly- 
mers. To test this, we prepared two PMMA samples containing small amounts 
of divinyl benzene. One of these was stopped somewhat before gel formation 
began. It gave M, = 143,000 and Mr = 99,000. 

A second similar sample was allowed to polymerize just beyond the gel 
point. The gel was dispersed in benzene and was then whipped for about 1 
minute in a Waring Blendor. Even though obvious gel particles were still 
present, Mr was measured and found to be 270,000. The gel was filtered off 
from a 0.50 per cent chloroform solution of the polymer used to determine Mp 
by passing the solution through a coarse sintered-glass filter. M, was then 
found for the remaining polymer; it was 355,000. 

It therefore appears that Mp will be very much too low for branched and 
gel-containing polymers. Two competing effects are at work here. The 
branched whole polymer will tend to have a higher Mer because of the high M 
component in its MW distribution. On the other hand, branching raises the 
natural relaxation frequencies of the molecule‘ and it thus appears to have a 
lower Mer than it should, Apparently the latter effect predominates in this 
case. 

The above data indicate that Mz is much more seriously affected by branch- 
ing thanis M,. It seems quite possible that the shear rate method can be used 
to determine branching in high polymers. 


MEASUREMENTS ON RUBBERS 


A few measurements were made on natural rubber and GR-S. It was found 
that natural rubber in the form of smoked sheet with no prior milling gave a 
value of Mrz = 1.12 X 108. A value for M, was not easily obtained for this 
sample because of the apparent presence of small gel particles, but the above 
value is in the expected range. 

The value of Mz for unmilled GR-S, cold rubber, was 8.6 X 105, which is 
much higher than the value 2.2 * 10° found for M,. Even after milling, the 
value of Mrz had only fallen to 2.4 x 10° while M, had decreased to 1.5 X 10°. 
It therefore appears that the effects of the very wide MW distribution of hot 
GR-S are instrumental in giving high values for Mr. This indicates that one 
should be able to use the shear rate method as a means for detecting the pres- 
ence of very high M material in a polymer. Apparently the degree of branch- 
ing is really not very large for GR-S since the effect of the previous section is 
not noticed. 

CONCLUSIONS 


The shear rate method for determining molecular weights is capable of giving 
reasonably accurate absolute molecular weights for linear coiling polymers. 
It is possible to obtain fairly accurate molecular weights for uncomplicated 
polymers with a rather small amount of effort and skill. Usually a technician 
can carry out the required measurements in an hour once the solution has been 
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prepared. The equipment needed is comparatively simple. A good possibil- 
ity exists that a simple extrusion capillary viscometer could be used to further 
simplify the equipment. In that event, a standard flow curve could be adapted 
from the present one by use of the method of Maron et al®. Although complica- 
tions appear when the polymer is branched or contains a very wide molecular 
weight distribution, this fact provides a possible means for measuring these 
quantities. 

It is also of interest to notice that the standard curve found for very con- 
centrated solutions can be represented quite well by the following simple 
relation: 

no/n = 1.00 + 0.60(yr)! (8) 


The relation previously derived for dilute solutions! can be written 
no/n = 1.00 + k(yr)! (9) 


where k was a molecular parameter. Since Equations (8) and (9) have nearly 
the same functional form, one would expect that the transition region between 
dilute and concentrated solutions could be represented by either of these rela- 
tions, provided the constant is treated as an adjustable parameter. This fact 
has already been partly demonstrated experimentally by Golub®. 
SYNOPSIS 

The measured viscosity for concentrated solutions of linear coiling polymers 
decreases with increasing rate of shear. By use of a theory previously derived 
to explain this phenomenon, it is possible to determine the absolute molecular 
weight of the polymer from measurements of this effect. The necessary data 
required for this determination are readily obtained using a simple cone viscom- 
eter. Since the theory requires only a knowledge of the variation of viscosity 
with shear rate together with the polymer concentration and temperature to 
compute the molecular weight, the method is easily applied to any polymer of 
this general type. This shear rate method for determining molecular weights 
has been checked by measuring M for a large number of samples of polystyrene 
and polymethyl methacrylate. Satisfactory results are obtained on these 
polymers. When the method is used as outlined, it gives a value for M which 
is close to the viscosity average. For very wide molecular weight distributions, 
the value found is somewhat higher than the weight average. Since the method 
is only strictly valid for linear polymers, it appears that it may also be used in 
conjunction with other molecular weight methods to obtain useful information 
concerning the extent of branching in the molecules. 
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INTRODUCTION 


The mechanism of carbon black reinforcement of elastomers has long been 
the subject of intense study and, at times, of considerable controversy. Gen- 
eral, nonspecific van der Waals adsorption, physical adsorption at active centers, 
chemisorption through functional groups on the carbon surface, reaction with 
rubber involving the vulcanizing agent, and reaction with rubber through free 
radical acceptor sites have all been proposed as explanations for the outstand- 
ing reinforcing qualities of carbon black. There is evidence in support of all 
these phenomena but it is still far from clear which ones are truly necessary and 
sufficient for the development of the reinforcement effect. Recent research has 
pointed increasingly toward a combination of physical adsorption and a chemi- 
sorptive mechanism. The observations that shear-generated polymeric free 
radicals apparently react with carbon black on the mill', that stable unpaired 
electrons are detectable in many carbonaceous materials by their paramagnetic 
resonance absorption?~’, and that carbon blacks can be deactivated by certain 
free radical reagents®” point to the possibility that the chemisorptive compo- 
nent of reinforcement may be developed in a free radical reaction involving un- 
paired electrons on the carbon black surface itself. While this idea is not new 
and has been the basis of much speculation, the actual experimental facts sup- 
porting it are distressingly meager. The present studies were undertaken with 
the objective of establishing closer connections between the unpaired electrons 
in carbon black, their reactivity and the performance of the blacks in rubber. 

In an earlier paper of this series! it was shown that rubber grade carbon 
blacks contain appreciable concentrations of unpaired electrons, in spite of the 
fact that many of these blacks have thermal histories which would lead one to 
expect little free radical activity in view of the known thermal instability of the 
unpaired spins in organic material charred at low temperatures (up to 600° C). 
It was also shown that the unpaired electrons of carbon black can be annealed 
out by heat treatment at temperatures in excess of 1000° C and that, on further 
increase in heat treatment temperature, a new spin species appears. From 
analogies in the electron spin resonance behavior with low temperature chars 
on one hand and highly graphitic carbons on the other, it was proposed that the 
unpaired electrons in carbon black are mostly mobile z-electrons accessible to 
the surface and stabilized by oxygen, whereas those responsible for the reso- 
nance observed upon graphitization are o-electrons originating from bonds 
broken in the process of recrystallization. 





* Reprinted from Rubber World, Vol. 139 pages 219-226 (1958). 
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EXPERIMENTAL 


Apparatus.—The microwave spectrometer and the techniques employed 
in obtaining spin assays have been described previously". Magnetic suscepti- 
bilities were determined by the Guoy method. 

Carbon blacks.—Blacks were extracted with toluene for 72 hours in Soxhlet 
extractors to remove tars which, incidentally, exhibit an electron spin resonance 
of theirown. All surface treatments of carbon blacks were conducted on previ- 
ously rigidly out-gassed blacks (24 hour at 250° C, 10-° cm Hg) without inter- 
mediate exposure to the atmosphere. This was accomplished as follows: 

Oxygen.—The black was out-gassed in the spin resonance sample capillary 
and shut off the vacuum system. Oxygen from a carefully calibrated metering 
bulb was then distilled onto the black by placing a liquid nitrogen bath around 
the sample tube. The sample tube was sealed off and was ready for electron 
spin resonance measurement. 

Paramagnetic salts —A predetermined amount of salt was deposited from 
aqueous solution near the top of the sample capillary. The capillary was filled 
with black, sealed onto the vacuum system and degassed at 250° C, the top of 
the capillary containing the salt remaining cool at all times. After de-gassing 
was complete, triply distilled water from a bulb on the vacuum system was dis- 
tilled into the sample tube, washing the salt into the region of the tube occupied 
by the black. After sufficient time was allowed for uniform adsorption of the 
salt on the black, the water was removed by freeze-drying and a final out-gassing 
step was performed at room temperature. 

Rubber samples—Rubber-carbon black batches were milled on a 2-inch 
laboratory mill. The mix was extruded through a 1 mm die and the extruded 
sample filled into 2 mm I.D. Pyrex tubing. The tubes were sealed to the vac- 
uum system, the samples out-gassed at 25° C for 5 days at 10-° em Hg and 
sealed off under vacuum. 


UNPAIRED ELECTRON CONCENTRATION IN 
RUBBER GRADE BLACKS 
The number of unpaired electrons in typical rubber-grade blacks is not 
large. For this reason the net magnetic susceptibility is negative, i.e., the 
blacks are diamagnetic. Table I presents electron spin concentrations for a 
number of blacks and gives estimates of their relative contribution to the total 


TaBLe [| 
ELECTRON SPIN CONCENTRATIONS IN CARBON BLACKS 


Mass susceptibility 10° 
pte 





Ne Spin y 
surface Mole cone. Para- 
area, per cent x<10-9, mag- Dia- 

Black Type m?*/g carbon spins/g Net netic® magnetic 
Philblack A FEF 45.6 95.77 10.0 — 82 21 — 1.03 
Philblack O HAF 75.1 95.75 8.0 —.79 Bj — .96 
Philblack I ISAF 113.7 — 9.2 — .76 19 — .95 
Philblack E SAF 134.6 94.78 8.1 —.73 ad — .90 
Wyex EPC 114.2 89.70 15.0 —.59 .32 —.91 
Spheron 6 MPC 111.5 $2.00 13.9 — .66 .29 — .95 
P-33 FT 13.7 94.39 5.9 — 95 13 — 1.08 
Acetylene — 58.0 99.12 3.8 —2.6 .08 — 2.68 
Graphon — 93.7 99.66 1.1 —2.8 .02 — 2.82 


* Calculated from spin concentration and molar susceptibility of free electrons, 1270 X10~¢. 
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mass susceptibility. The carbon content of the black is given also. The data 


indicate that the differences in net magnetic susceptibility of the common 
rubber-grade blacks is due to their unpaired electron content. Their diamag- 
netism is remarkably similar. Acetylene black and Graphon are more highly 
graphitic as is apparent from their high carbon content and diamagnetism. 
This is also consistent with their large crystallite dimensions. 


THE OXYGEN EFFECT AND RELATED PHENOMENA 


The information obtained experimentally from electron spin resonance 
spectroscopy includes a number of variables". In the present discussion only 
two of these—line width and unpaired spin concentration—need be considered. 
The line width as defined here is the width (in gauss) between the inflection 
points on the absorption curve. The number of unpaired spins in the sample is 
proportional to the area under the absorption curve. When phase-sensitive 
detection is employed, as in the present studies, the spectrometer records the 
derivative of the absorption curve. The line width is then measured as the 
distance on the magnetic field axis between the maximum and the minimum of 
the recorder trace and the spin assay becomes proportional to the first moment 
of the recorded curve. For details of the measurements see Reference 11. 

Some factors influencing line width in carbon blacks have been discussed in 
the earlier paper". Of particular importance in the present studies is the fact 
that traces of paramagnetic substances interact with carbon blacks in such a 
way as to broaden their resonance line*"!*:3.__ This reduces the signal intensity 
even if the number of unpaired electrons in the sample remains fixed, for the 
area under the absorption curve must remain constant. 

The unpaired spin concentrations of Table I were obtained on samples 
which had been out-gassed for 24 hours in a high vacuum at 250° C with periodic 
flushing with helium. This is a necessary precaution:because molecular oxygen, 
being paramagnetic, has a pronounced influence on the resonance observed. 
The broadening of the magnetic resonance line by oxygen is probably the result 
of a shortening of the spin-lattice relaxation time’. Accompanying this broad- 
ening, in many instances, is an apparent reduction in the concentration of 
unpaired spins. It has been proposed! that this may be caused by a reaction 
of the spins with oxygen, but such a mechanism is not very plausible as many 
of the lost spins cay be restored by merely flooding the sample with cold ben- 
zene. The authors have proposed as an alternate explanation that some com- 


TABLE II 


Errect oF OxYGEN ON MAGNETIC RESONANCE OF 
750° C Heat-Treatep MPC Buack 








Max. possible 


Apparent 


Molecules 


Oxygen, fraction of spin conc. de 
ml monolayer Line width, 107, per spin 
8.T.P./gm coverage> gauss spins/g “removed” 

0.000 0.000 2.9 9.91 _— 
0.114 .0027 3.5 13.1¢° ? 
0.306 .0072 30 8.61 .63 
0.584 .014 52 5.49 35 
1.62 .038 104 3.71 .70 
5.40 127 very broad — 1.5 

16.5 390 no resonance detectable — 


® Signal approaches noise level. 


> Calculated on basis of 14.1 sq. A for molecular area of O2, assuming all oxy 


¢ Value doubtful; sample broke before cavity degradation correction could be 


ge n adsorbed. 
letermined accurately. 
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TaBLeE III 
OxyGEN Errect IN Various BLacks 
Black AH (air)/AH (vac.) 


Philblack A 
Philblack O 
Philblack I 
Philblack E 
Wyex 
Spheron 6 
P-33 
Acetylene 
Graphon 


Wes 
Sm Saar 
Oren 


Otrin 


ponents of the resonance line are broadened beyond the limits of detection. 
The data of Table II, which are concerned with the quantitative aspects of the 
oxygen effect, seem to support the latter contention. The data are for MPC 
black (Spheron 6) heat treated for 2 hours at 750° C. This black was chosen 
because of the large sensitivity of its resonance line toward oxygen. The 
magnitude of the oxygen effect is truly remarkable; 0.7 per cent of a monolayer 
broadens the line ten-fold and 40 per cent of a monolayer broadens the reso- 
nance signal beyond detection. The data in the last two columns do not show a 
clear-cut stoichiometric relation between the apparent spin content and the 
number of oxygen molecules introduced. The results, however, are not incon- 
sistent with the idea of broadening some components of a composite line beyond 
detection. 

In the example cited above oxygen at 1 per cent of monolayer coverage al- 
ready introduces a sizable error into the spin assay. Although not all blacks 
are equally sensitive to the oxygen effect, it is clear that any sort of quantitative 
experiments concerning the unpaired electrons in carbon blacks will have to be 
performed on stringently out-gassed samples, a restriction which is not always 
easy to overcome. Table III lists values of oxygen effect, expressed as ratio 
of line width (AH) measured in air and in vacuo (250° C de-gassed), for the 
blacks of Table I. Sensitivity toward the oxygen effect appears to be largest 
for the channel carbons. 

The broadening of the resonance line of carbon blacks is not confined to 
oxygen; other paramagnetic molecules or ions are capable of producing a similar 
effect’. This is important in experiments involving interaction of carbon black 
and rubber if the latter contains transition metals as impurities. This will be 
discussed further in a later section of this paper. An idea of the sensitivity of 
the resonance toward paramagnetic salts may be obtained by examination of 
Table IV. The experiments in question were conducted by depositing the 
salts from aqueous solution on black out-gassed at 250° C under vacuum and 


TABLE IV 


LINE BROADENING BY PARAMAGNETIC SALTS 
(MPC black heat treated at 750° C) 


Molecules per gram Sq. angstroms 
Salt of black X10~9 per molecule AH (Gauss) 
None — — 5.2 
FeCl; 2.8 580 11.3 
FeCl; 61 26 125 
K;Fe(CN). 0.65 2500 18.6 
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distilling off the water. The control sample, which was prepared in identical 
manner except for omission of the solute, has a line width which exceeds slightly 
the line width of the control in Table II (the same black was used in both ex- 
periments), indicating that complete exclusion of oxygen was not achieved. A 
trace of oxygen was probably introduced with the water and was not removed 
in the final distillation and out-gassing, which were carried out at room tem- 
perature to avoid loss of the adsorbates. In spite of this the data show con- 
clusively the broadening effect of the salts. 

Comparison of the data of Tables IV and II brings out the interesting fact 
that potassium ferricyanide is roughly as effective as oxygen in line broadening 
(oxygen produces a line 30 gauss wide at a reciprocal coverage of 1960 A?/ 
molecule), but ferric chloride is less so, perhaps because of differences in dis- 
tribution over the black surface. 


CONNECTION BETWEEN SPIN CONCENTRATION 
AND RUBBER PROPERTIES 


The question which arises immediately is whether or not a direct correlation 
exists between spin concentration and reinforcing properties. Table I allows 
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Fie. 1.—Unpaired electron concentration in heat treated channel 
black (degassed at 250° C). 
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no such a conclusion if for no other reason than the blacks have different sur- 
face areas. In the furnace black series reinforcement increases steadily in 
passing from FEF to SAF, which is the order of increasing surface area, but the 
spin concentration remains essentially constant. This need not be inconsistent 
with a possible spin vs reinforcement correlation, as long as the spins are dis- 
tributed throughout the volume of the particles, for in this instance the fraction 
accessible to rubber would increase with specific surface area. 

Perhaps a more meaningful correlation can be obtained from the data of 
W. R. Smith and associates on the effects of heat treatment of MPC black on 
rubber properties. Spin concentrations were determined on a series of heat 
treated Spheron 6 samples kindly furnished us by Dr. Smith. The results, 
which are reproduced in Figure 1, clearly illustrate the virtual disappearance 
of the original spins at 1400° C and the re-appearance of the new species 
(s-electrons) at 1600° C. Rubber properties, reproduced from the paper of 
Schaeffer and Smith'®, are shown in Figure 2. It is immediately obvious that 
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Fic. 2.—Physical properties of natural rubber reinforced with heat treated MPC blacks (data of Schaeffer 
and Smith!5, 


the only clear-cut apparent correlation with spin concentration is with modulus 
and that this correlation is confined to the blacks heat treated below 1400° C. 
Furthermore, it must be borne in mind that other processes also occur on heat 
treatment, particularly the loss of ‘‘volatile constituents’? as CO, CO» and Hoe. 
Further evidence will, therefore, be needed to establish unequivocally a correla- 
tion between unpaired spin concentration and modulus. Regardless, there is 
much that is attractive about the possibility of such a relationship. Schaeffer 
and Smith’ point out that the principal drop in modulus coincides with the 
loss of hydrogen, but it is difficult to find a mechanism to explain such a con- 
nection. A mechanism to explain a drop in modulus as a consequence of a loss 
of unpaired electrons is much easier to visualize. Modulus depends among 
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other things on the number of fixed points in the network representing the 
cured vulcanizate. Carbon blacks, like the stable free radical 1,1-diphenyl-2- 
picryl hydrazyl, combine with rubber and, in doing so, form gel. The simple 
free radical reaction, 


B- + R- ——> BR 


(black) (rubber free (rubber attached 
radical) at black) 


therefore, could readily account for a modulus correlation. The absence of 
such a correlation for graphitized blacks can also be understood. The unpaired 
spins in these are less numerous (Figure 1) and for the most part are not ac- 
cessible at the surface, as is apparent by the absence of a well defined oxygen 
effect (see Graphon in Table III). The number of such spins available for 
interaction with rubber would be expected to be quite small. 

The above data make it amply clear that the unpaired electrons in carbon 
black are certainly not necessary for the development of reinforcement. This is 
consistent with the idea that more than one mechanism is involved in carbon 
reinforcement and with the fact that many colloidal non-carbon pigments, 
which contain no unpaired electrons at all, are also reinforcing agents for rub- 
ber. The role of the unpaired electrons in reinforcement can only be an 
additional, but possibly important effect. 


TABLE V 
UNPAIRED ELECTRON CONCENTRATION IN EXPERIMENTAL BLACKS 
N: 
surface Spin concentra- 300% 
area, tion X107%, modulus, 
Feedstock Process m?*/g spins/gram psi 
Cyclohexane Thermal 78 0.7 730 
Furnace 80 2.5 1550 
Benzene Thermal 36 2.3 540 
Furnace 46 15.2 1740 
Furnace 122 6.9 1430 
Pyridine Thermal 79 None detected 1080 
Furnace 174 5.2 1260 


® 50 phr of black in simple SBR 1500 test recipe; cure 30 minutes at 153° C. 


In an attempt to ascertain the effect of the starting material and manufactur- 
ing process on the concentration of unpaired electrons in carbon black, a number 
of blacks prepared trom pure organic feedstocks was subjected to electron spin 
resonance analysis. The results, which are shown in Table V, indicate that 
furnace blacks, in general, have higher unpaired electron concentrations than 
thermal blacks. They also show that benzene yields blacks of higher spin 
concentration than cyclohexane. Evaluation of these carbons in rubber has 
shown the thermal blacks to give consistently lower modulus values than their 
furnace type analogues. 

It would be naive to expect a very close correlation of spin concentration 
with modulus in the data of Table V for there obviously are other factors which 
effect modulus and which are very difficult to control in such an experiment, 
a.g., curative adsorption, the effect of the black on crosslink yield, particle 
shape and carbon black “structure” or aggregate shape. 
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REACTION OF UNPAIRED ELECTRONS IN CARBON 
BLACK WITH RUBBER 


The reinforcing properties of carbon blacks can be impaired by treatment 
of the carbons with various free radical reagents?”. The difficulties involved 
in elucidating the mechanism of these reactions make it impossible to say 
whether the loss in reinforcing ability is due to a decrease in free radical con- 
centration of the black as a result of the treatment, or whether other chemical 
changes are responsible for the observed effects. It is here that electron spin 
resonance spectroscopy provides a most powerful tool in the form of the spin 
assay for it allows direct observation of the system carbon black-rubber. 

Early attempts to observe a change in the resonance on incorporation of 
carbon blacks in rubber were unsuccessful because the samples contained 
traces of oxygen and it was not realized that rubber samples containing carbon 
blacks could be effectively out-gassed at room temperature. For instance, a 
mill-mixed batch of 40 parts SAF black in cis-polybutadiene gave the following 
line widths: 


AH (gauss) 


As milled 115 
Out-gassed in vacuo at 25° C 27.6 
Dry black out-gassed at 20 


250° C in vacuo 


The slight amount of broadening persisting in the rubber-carbon black mix is 
not considered sufficient to endanger the reliability of the spin assay. A fur- 
ther complication arises when the polymer contains traces of transition metal 
impurities, as does commercial SBR. These impurities are present in sufficient 
quantities to cause line broadening, usually after the sample is heated, thus 
allowing the paramagnetic impurities to diffuse to the surface. The following 
experiment in which an SAF black/SBR 1500 mixture was heated in a high 
vacuum after de-gassing illustrates this point: 


Apparent spin 


4H concentration X10~9, 
(gauss) spins/gram 
SAF black (dry) 20 8.4 
SAF in SBR 1500, out-gassed 26.4 9.9 
Same, heated 16 hours at 153° C 85 8.1 


Because of the severe line broadening encountered it might be dangerous to 
ascribe significance to the lower assay on the heated sample (8.1 X 10" vs 
9.9 < 10° on the sample as milled). 

The effect of contamination by transition metals can be demonstrated 
dramatically by adding a small amount of iron (0.07 per cent, as iron stearate) 
to one of the new solution-type polymers which are initially free of paramagnetic 
impurities. The following example is for a mix containing 40 parts of SAF 
black in cis-polybutadiene: 


AH (Gauss) 


Iron-free, out-gassed 22.5 
Same, heated 30 minutes at 153° C 5.7 
Contaminated, out-gassed 36.8 
Same, heated 30 minutes at 153° C >500 


It will be noted that for the iron-free sample the line actually narrowed after 
heating. This is fortunate in that it improves the reliability of the spin assay. 
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In particular, lower spin assays accompanied by line narrowing will be con- 
servative and should be treated with respect. 

Several rubber experiments, complete with estimates of spin concentration, 
are summarized in Table VI. With furnace blacks the spin concentration in- 
creases slightly on incorporation of the black into the polymer and drops on 
heat treatment. Channel black does not display the initial rise. The pres- 
ence of curatives appears to accentuate the drop in spin concentration on heat- 
ing. This type of behavior has been observed in a number of similar examples. 

The observation of a maximum in spin concentration after milling, but 
prior to heating or vulcanization, indicates that simple coupling of the carbon 
black radicals with polymer free radicals is not the only reaction mechanism 
by which the spin concentration changes and which leads to attachment of rub- 
ber to the black surface by primary valence bonds. It appears highly probable 
that the explanation for the initial rise in the number of free radicals is to be 
sought in the stabilization of the shear-generated polymeric radicals by non- 
radical acceptor sites on the black surface to produce a new, more stable type 
of radical. (Under the experimental conditions of the present study no shear- 


TABLE VI 
REACTION OF CARBON Buiack FREE RADICALS WITH ELASTOMERS 


Heating 


Black time at 

loading, 153° C, AH, 8 <10-%, 

Black phr Polymer® Curatives minutes gauss spins/gram 
HAF» — — — - 29 7.3 
SAF» — - - 20 8.4 
EPC» - - — 1.1 12.2 
HAF 50 Bd/S none 0 31 9.7 
30 13 9.2 
840 21 8.9 
SAF 40 Bd/S none 0 26 11.8 
30 7.1 9.1 
840 6.0 9.5 
SAF 40 cis-P Bd none 0 23 9.6 
30 5.7 9.3 
1000 3.6 8.1 
SAF 40 cis-PBd Tread recipe® 0 25 9.0 
30 aan Ge 
1000 4.9 6.0 
EPC 50 cis-PBd none 0 1.6 10.2 
30 1.2 (fi 
1000 1.2 8.8 
EPC 50 cis-PBd Tread recipe® 0 1.7 9.9 
30 1.6 4.7 
1000 1.2 6.4 


* Bd/S = butadiene-styrene; PBd = polybutadiene. 
b Out-gassed 24 hours at 250° C at .01 micron Hg. 


¢ Recipe: Polymer 100 
slack as shown 
ZnO K 


Stearic acid 2 
Resin 731 3 
Sulfur 1.1 
Santocure 1 
Flexamine 1 
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generated rubber radicals could be detected in gum stocks, evidently because 
of their tendency toward relatively rapid recombination.) Since the coupling 
reaction involving the original unpaired electrons with rubber is at least parti- 
ally compensated for by the creation of new radicals, the spin assay tends to 
underestimate the extent of total reaction leading to attachment of polymer to 
the surface. Failure to observe a maximum spin concentration for EPC black 
is not inconsistent with the ideas expressed ; it is only necessary in this instance 
for coupling to have become dominant by the end of the milling and out-gassing 
steps. 

It should be noted that the results of this investigation lend direct support 
to the various free radical mechanisms proposed for the interaction of carbon 
black and rubber! *!°, albeit without proving the role of these reaction in 
elastomer reinforcement in general. This, quite naturally, raises the question 
of the identity of the various reactive species on the black surface. The fact 
that the fall in spin concentration on high temperature heat treatment of 
carbon black roughly coincides with loss of oxygen (as well as hydrogen) sug- 
gests that the carbon black radicals may be oxygenated species", possibly semi- 
quinones. Similarly, quinone groups, the presence of which in carbon blacks 
seems fairly well established'®!’'5, might provide the sites necessary for stabi- 
lization of polymeric free radicals by conversion to more stable semiquinone 
radicals. Such reactions are well known in the inhibition of free radical poly- 
merization by quinones and their occurrence here would hardly be surprising. 

CONCLUSIONS 

Rubber-grade carbon blacks contain appreciable concentrations of unpaired 
electrons. These electrons appear to be reactive toward rubber. The reaction 
with rubber leads to points of attachment of the rubber by primary valence 
bonds and, as a result, should play a part in reinforcement. However, this 
reaction does not appear to be the sole source of such attachments, nor can it 


be proven that such attachments are necessary for the development of the rein- 
forcement effect, although they are thought to augment and improve it. 


SUMMARY 


The number of unpaired electrons in several rubber-reinforcing blacks has 
been determined by quantitative electron spin resonance assay. The odd elec- 
tron concentrations are of the order of 10” to 107° spins/gram. These con- 
centrations are consistent with the negative (diamagnetic) net magnetic 
susceptibility of the blacks. 

Oxygen and other paramagnetic substances, even in extremely minute 
quantities, exert a powerful influence on the electron spin resonance observed. 
Their effect is to broaden the resonance line and this reduces considerably the 
signal intensity. In extreme cases the intensity may be reduced to the noise 
level; in less severe instances the broadening may lead to erroneously low spin 
assays. Carbon blacks differ in their susceptibility toward line broadening 
effects. 

Evidence is presented for a correlation between the odd electron concentra- 
tion of carbon blacks and the modulus they impart to rubber, suggesting a 
combination reaction between the carbon black radicals and polymeric free 
radicals formed during processing or vulcanization. The possibility of such a 
reaction is supported by electron spin resonance measurements on carbon blacks 
heated in the presence of rubber, both with and without curatives. 
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On the basis of the results available it is not possible to ascertain the full 
importance of the odd electrons of carbon black in elastomer reinforcement. 
It is certain that the unpaired electrons are not necessary for the development 
of reinforcement effects in general, although they may increase them substanti- 
ally by providing an additional interaction mechanism for the union of black 
and rubber. 
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THE INTERACTION BETWEEN CARBON BLACK AND 
SULFUR DURING VULCANIZATION * 
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F. E. Derezarnsxi! Instirute oF Caemica, TecHNoLtocy, DNEPROPETROVSK, USSR 


The mechanism of the reinforcement of rubber by carbon black has until 
recently been interpreted from the physical point of view. According to the 
researches of P. A. Rebinder and coworkers! the extent of the interaction be- 
tween the filler and the rubber is given by the decrease in the free energy of the 
system resulting from the wetting of 1 cm? of the surface of the filler particles 
by rubber. The rubber is bound to the surface of the carbon black particles 
through adsorption and forms around these particles an extended film which is 
characterized by high strength’; in this state the rubber is referred to as “bound” 
or film-like rubber. In systems in which such adsorbed rubber is present there 
appears on the surface of the filler particles an effect which resembles a kind of 
“crystallization” of rubber which results in a strengthening of the interaction 
between individual chains and hence in increased strength of the rubber’. 
According to Kusov’, at optimum filling of the rubber with carbon black the 
mixture constitutes a continuous mass—a molecular space lattice with carbon 
particles situated in its nodes. 

More recent investigations of the structure and constitution of carbon 
blacks®~? make it possible to interpret the mechanism of strengthening of rubber 
by carbon blacks also from the chemical point of view. It has been established® 
that certain oxygen-containing active groups, namely, —OOH, OH, COOH, 
C=O are present in the structure of carbon blacks. The existence of C=C 
bonds has also been observed, the latter being especially characteristic of 
structures of oven blacks formed in atmospheres deficient in oxygen. The 
possibility of the participation of carbon black in the chemical reactions taking 
place during vulcanization also indicates their unsaturated character as shown 
by the fact that they are capable of adding on bromine. It has been observed® 
that the reactivity of carbon blacks as determined by the content of oxygen- 
containing groups (e.g., quinones) on the surface of their particles, changes 
markedly when the blacks are submitted to thermal treatment. Complete 
removal of such groups by heating the carbon black at 800° renders it chemically 
inert, and mixtures of rubber with such carbon black do not undergo any 
changes on heating. It has been found’ that 8-quinone-dioxine, p-nitrosodi- 
phenylamine, hexachlorocyclopentadiene and other compounds act as promoters 
of the interaction of rubber with carbon black by giving rise to the formation of 
rubber molecule radicals which react with the active centers on the surface of 
carbon black particles with the formation of valence bonds. It appears quite 
probable that in the course of the vulcanization process carbon blacks interact 
chemically with substances which act as accelerators. In our investigations 
published recently!’ we have given some experimental data which indicate 


* Reprinted from the Proceedings of the Acadmey of Sciences USSR, Phys. Chem. Sect., Vol. 116, pages 
583-586 (1957); a translation by the Consultants Bureau, Inc. of Doklady Akademit Nauk SSSR 116, 105- 
108 (1957). 
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that direct interaction of carbon black with sulfur is, indeed, taking place during 
the vulcanization of rubber. The application of radioactive isotopes opens up 
great possibilities for the investigation of this problem which is so important in 
the technology of rubber. 

In the present paper we are giving some kinetic data on the interaction of 
carbon blacks (gas black, lampblack) with sulfur and accelerators. The in- 
vestigation of this problem was carried out by the following methods: (a) in- 
vestigation of the interaction of radioactive sulfur with carbon black at tempera- 
tures used in vulcanization processes, (b) investigation of the adsorption of 
rubber molecules on the surface of carbon black particles from benzene solu- 
tions, the carbon blacks having been submitted to different thermal treatments 
in mixtures with sulfur and accelerators, and (c) investigation of the influence 
of the preliminary heat treatment of the mixture of carbon black, sulfur and 
accelerator on the physicomechanical properties of rubbers based on different 
synthetic rubber polymers. 


EXPERIMENTAL 


Kinetics of the combination of radioactive sulfur with carbon black and lamp- 
black.— We have investigated a mixture of black and sulfur S*® containing the 
two components in the proportion of 100:3, respectively. Three series of ex- 
periments were carried out. 

Series J.—Accurately weighed samples of the black (carbon black, lamp- 
black) were intimately mixed with weighed samples of radiosulfur and subse- 
quently heated at a temperature of 145° for periods of 1, 3, 5, 8, and 10 hours. 

Series IJ.—Accurately weighed samples of radiosulfur were heated alone 
at 145° for periods of 1 to 10 hours after which they were mixed with the blacks. 

Series I[[I.—Accurately weighed samples of the blacks and radioactive 
sulfur were intimately mixed, but were not submitted to the heat treatment. 

From each series of mixtures samples were taken for the determination of 
initial radioactivity. Subsequently each of these mixtures, having undergone 
the different individual heat treatment, was submitted to continuous extraction 
with benzene in the cold for 600 hours in order to remove free radiosulfur. At 
strictly determined intervals during the extraction samples of the blacks were 
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Fie. 1.—Kinetics of the extraction of radiosulfur as a function of the length of heat 
treatment of black-sulfur mixtures at 150°: A) carbon black, B) lampblack. 
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Fic. 2.—Kinetics of the combination of sulfur with carbon blacks: 1) gas black (carbon black) and 
sulfur heated together at 150°; 2) sulfur heated at 150° and mixed with gas black; 3) lampblack and sulfur 
heated together at 150°; 4) sulfur heated at 150° and mixed with lampblack; 4) lampblack and sulfur, with- 
out heat treatment. 


withdrawn for the determination of residual radioactivity. The experiments 
in Series II and III permitted an explanation of the quantitative aspect of the 
adsorptional combination of sulfur with the carbon blacks. The comparison of 
radioactivity residual in the samples of Series I with that in samples of Series 
II and III enabled us to establish the true character of the chemical combina- 
tion of sulfur with the blacks. Kinetic data relating to the combination of 
sulfur with carbon black and lampblack are presented below. From an analysis 
of the curves in Figures 1 and 2 it becomes quite obvious that chemical inter- 
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_ Fie. 3.—Variation of the viscosity of a benzene solution of rubber SKS-30 as a function of the composi- 
tion and heat treatment of the adsorbent: /) carbon, sulfur and accelerator; 2) carbon and sulfur; 3) carbon; 
a) heated at 150° for 3 hours, 6) without heat treatment. 








INTERACTION BETWEEN CARBON BLACK AND SULFUR 121 


action takes place between the blacks and the sulfur when the two are heated 
together. Even after extraction of the sulfur with benzene for 600 hours it was 
impossible to remove all sulfur from its mixture with the blacks. Carbon black 
combines chemically with sulfur to a considerably greater extent than does 
lampblack. Our data, obtained by making use of radioactive sulfur, are in 
close agreement with those obtained by Studebaker” who reported that on 
heating one part of sulfur with 9 parts of carbon black for 18 hours at 150°, 
0.64% of sulfur combined chemically with the black. 

Adsorption of rubber molecules by carbon black-sulfur complexes.—It was of 
interest to establish to what extent the preliminary heat treatment of carbon 
black alone and in admixtures with vulcanization accelerators would affect the 
adsorption of rubber molecules from benzene solutions onto the surface of the 
carbon black particles. Adsorption of rubber molecules by the black results in 
a change in the viscosity of the rubber solution, and this may be used as a meas- 
ure of the change in adsorption activity of the black with respect to the rubber 
as a result of the interaction of the black with the accelerator group and the 
formation on the surface of the black particles of new carbon black-sulfur com- 
plexes. In our experiments we have modified somewhat the procedure de- 
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Fic. 4.—The influence of preliminary heat treatment of mixtures of carbon black, sulfur and accelera- 
tors on the tensile strength of rubbers based on SKB rubber: /) carbon black, sulfur, mercaptobenzothiazole 


and diphenylguanidine, 2) carbon black, sulfur and mercaptobenzothiazole, 3) carbon black, sulfur and 
tetramethylthiuram ; a) heat treated at 130° for 120 minutes, 5) not heat treated. 


veloped by Yurzhenko". Into flasks containing 60 ml of 0.1% solution of 
divinylstyrene rubber there were placed: (a) 2 g of carbon black heated at 145°, 
(b) 2 g of carbon black mixed with 0.1 g of sulfur and heated at 145°, (c) 2 g of 
carbon black mixed with 0.1 g of sulfur and 0.03 g of mercaptobenzothiazole, 
heated at 145° for periods from 1 to 3 hours. Prior to the addition of these 
substances to the solutions the relative viscosity of the initial 0.1% solution of 
rubber SKS-30 was determined. Depending on the length of time during which 
the carbon blacks and their mixtures with sulfur remain in contact with the 
rubber solution, adsorption of rubber molecules takes place on the surface of 
carbon black particles resulting in a change in the viscosity of the solution. 
The carbon black was separated from the rubber solutions by centrifuging. 
The kinetic data are shown in Figure 3. 

From the curves in Figure 3 it will be seen that heat treatment of carbon black 
at 145° for periods of 1 to 3 hours increases the adsorption of rubber molecules 
on the surface of carbon black particles which results in a change in viscosity of 
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the rubber solution. A different situation exists in the case of the adsorption of 
rubber by carbon-sulfur complexes. When the mixture of carbon, sulfur and 
accelerator has been heated for 3 hours the subsequent adsorption of rubber 
molecules on carbon black particles decreases, which manifests itself in only a 
negligible change in relative viscosity of the rubber solution. This result is 
apparently due to the formation of new carbon-sulfur complexes or of poly- 
sulfides on the surface of the blacks as a result of the interaction of the latter with 
the accelerator group, the effect being a decrease in the amount of rubber ad- 
sorbed on the surface of carbon black particles. 

The effect of preliminary heat treatment of carbon black, vulcanizing substances 
and accelerators on the strength of rubbers.—Different mixtures based on natural 
and synthetic rubbers were investigated. Mixtures of carbon black with sulfur 
and accelerators were submitted to heat treatment at 100 and 150° for different 
lengths of time, and were then added to the rubber mix in a mill. It 
was found!" that preliminary heat treatment of mixtures of carbon black with 
sulfur and accelerators increases the strength of the rubbers. This is of funda- 
mental importance in the modification of the processing of rubber compounds 
(see Figure 4). 

We are of the opinion that vulcanizing substances and accelerators react 
with each other on the enormous cumulative surface of carbon black particles 
with the formation of intermediate polysulfidie compounds. The resultant 
active modifications of sulfur are not only adsorbed physically, but enter into 
chemical combination with the active oxygen- and hydrogen-containing centers, 
with the microcrystalline structure of the carbon atom lattice and with the 
molecular structure of the film-like extended and oriented rubber phase on the 
surface of carbon black particles. The nodal points of such structures are 


formed not only by the rubber and sulfur, but include also carbon black which 
combines chemically with either constituent. 
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THE DETERMINATION OF FREE SULFUR 
IN ACCELERATORS * 


R. A. Hivety anp C. W. WaADELIN 


GoopyYeaR TIRE AND RuspBeR ComMpaNy, AKRON, OHIO 


Since the amount of sulfur and accelerator added to a rubber stock affects 
the properties of the vulcanized stock, it is obviously desirable to know the 
amount of free sulfur in the accelerator. An isotopic dilution method by 
Ikeda and Kambara’ seems to be the only reference to work on this problem. 
The essential steps in their procedure are as follows: A known amount of radio- 
active sulfur of specific activity must be added to a weighed sample. Then a 
sufficient amount of free sulfur must be separated from the mixture in a very 
pure state so that it can be weighed and its activity measured. The method 
requires radio chemical equipment that might not be available. 

The modification of the polarographic procedure of Proske’ by Poulton and 
Tarrant’ is both sensitive and accurate for the determination of sulfur. Un- 
fortunately, some of the sulfenamide accelerators interfere in the procedure. 
Other methods for the determination of sulfur include the reaction with sodium 
hydroxide‘, sodium sulfite’ mercury*, potassium cyanide’, silver', and triphenyl- 
phosphine”. Schdberl et al.!°!, have shown that alkali hydroxides, sulfites and 
cyanides react with disulfide linkages. Triphenylphosphine disrupts some di- 
sulfide and sulfenamide linkages. Hydrogen sulfide and mercaptans combine 
with the metals. 

Adsorption chromatography of a benzene solution on alumina separates free 
sulfur (weakly adsorbed) from accelerators (more strongly retained). The 
polarograph offers a sensitive means for determination with some additional 
specificity of the separated components, 


EXPERIMENTAL 
Apparatus.— 


Chromatographic tube, regular length, size II, Cat. No. J-1664, Scientific Glass 
Apparatus Co., Bloomfield, N. J. 

Polarograph, manual or recording, with dropping mercury electrode and 
saturated calomel reference electrode. Sensitivity ranges of approximately 
5 and 20 microamperes full scale deflection are required. This work was 
done with a Leeds and Northrup Electrochemograph, Type E. The damp- 
ing was set at the galvanometer equivalent. Drop time was 6 seconds. 

Thermostat, to maintain the polarographic cell at 25 + 1° C. 

Bottle, gas washing, tall form with fritted cylinder, 125-ml capacity, Cat. No. 


* An original contribution. Presented before the Rubber Division, ACS, Chicago, September 10, 1958 
Contribution No. 232, Research Division, Goodyear Tire and Rubber Co. 
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Reagents.— 


Sulfur. Purify by recrystallizing from benzene. 

Buffer solution. 0.175M acetic acid and 0.175M sodium acetate. Dissolve 
10.5 g of acetic acid and 14.4 g of anhydrous sodium acetate in a liter of 
water. Filter the solution. 

Alumina, activated, chromatographic powdered catalyst grade, AL-0109P, 
(90% Al.O3), Harshaw Chemical Co., Cleveland, Ohio. Put 1800 g of 
alumina and 2250 ml of ethyl acetate in a covered container and let stand 
for 48 hours. Filter on a Buchner funnel, wash with 43 liters of water and 
4} liters of methanol, and dry to a free-flowing powder by drawing air 
through it. Place the alumina in a furnace at 360° C for 5 hours. Transfer 
it to a bottle and put the bottle on a roller for several hours. Ignite a 2-gm 
sample at 900° C for 2 hours and calculate the loss in weight as water. 
Add sufficient water to make the water content 10.0 + 0.5% and put the 
alumina on a roller overnight. Redetermine the water. 


Pyridine, redistill, collecting the middle 80%. 
Nitrogen, lamp grade, General Electric Co. 
Benzene. 

Methanol. 


The accelerator sample is dissolved in benzene and the solution passed 
through a column of alumina which retains the accelerator and lets the sulfur 
pass through. Neutralized alumina is used to prevent decomposition of the 
accelerator. The eluate is evaporated, the sulfur containing residue dissolved 
in pyridine and the sulfur content measured polarographically by the method of 
Poulton and Tarrant®. 

Poulton and Tarrant reported a half-wave potential of —0.63 V vs the 
saturated calomel electrode. In this work it was found to vary from —0.57 V 
at low concentrations to —0.64 V at high concentrations, however, these values 
are not corrected for the IR drop in the cell. Quantitative measurements were 
made at —0.75 V. The galvanometer deflection is linear up to 3.6 mg of sulfur. 

The range of the method using a 100-mg sample and galvanometer sensitiv-. 
ity of 20 microamperes full scale is up to 3.6% free sulfur. The minimum 
amount detectable is 0.02%. The solubility of sulfur in this solvent system is 
6 mg/40 ml. By varying the sample size, amount of solvent, and galvanom- 
eter sensitivity, the range can be varied widely. 

The retention of 2,2’-dithiobisbenzothiazole on the chromatographic column 
and the recovery of sulfur were checked. The results are shown in Table I. 
The trace of material recovered from 2,2’-dithiobisbenzothiazole gave no de- 


TABLE I 
RECOVERY OF ACCELERATOR AND SULFUR 


Taken, Recovered, Method of 
Sample mg mg measurement 
2,2’-Dithiobisbenzothiazole 107.9 0.: Weighing 
104.9 0.5 Weighing 
100.5 0.1 Weighing 
Sulfur 45.9 45.8 Weighing 
1.66 1.66 Polarography 
2.11 2.16 Polarography 
0.60 0.59 Polarography 
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TaBLe II 


ANALYSIS OF ACCELERATORS BY THE RECOMMENDED PROCEDURE 


Sample Free sulfur, % 
2-Mercaptobenzothiazole 
Unrefined Captax Sample A 0.81, 0.79 
Unrefined Captax Sample B 1.22 
Unrefined Captax Sample C 0.96 
Captax Sample D 0.08 
Captax Sample E <0.02 
Captax Sample F 1.25 
Rotax Sample A <0.02 
Rotax Sample B <0.02 
Commercial Sample A 2.04, 1.98 
Commercial Sample B 0.87, 0.89 
Commercial Sample C 0.41 
2,2’-Dithiobisbenzothiazole 
Altax Sample A <0.02 
Altax Sample B <0.02 
Altax Sample C <0.02 
Commerical Sample D 0.20, 0.22 
Commerical Sample E 0.03, 0.05 
Commerical Sample F 0.08, 0.08 
Commerical Sample G <0.02, 0.02 
Tetramethylthiuram disulfide 
Tuads <0.02 
Zine dibutyldithiocarbamate 
Commerical Sample H <0.02 
Commerical Sample K 0.02 
Zine dibenzyldithiocarbamate 
Commercial Sample L 0.20 
2-(Morpholinothio)benzothiazole 
Commercial Sample M <0.02 
Commerical Sample N <0.02 
Commerical Sample P <0.02 
N-Cyclohexyl-2-benzothiazolesulfenamide 
Commerical Sample Q <0.02 
N-t-Buty]-2-benzothiazolesulfenamide 
Commerical] Sample R <0.02 


tectable polarographic wave from 0 to —1.2 V. The accelerators from which 
sulfur can be separated are listed in Table II. An attempted separation of sul- 
fur from N,N-diisopropyl-2-benzothiazolylsulfenamide was unsuccessful. The 
accelerator was eluted from the column with the sulfur. It is not known 
whether the compound is weakly adsorbed or if it decomposes on the column. 

It was found that 100-mg samples of tetramethylthiuram disulfide, zine 
dibutyldithiocarbamate, zinc dibenzyldithiocarbamate, 2-(morpholinothio)- 
benzothiazole, and N-cyclohexyl-2-benzothiazolylsulfenamide were soluble in 
5 ml of benzene at room temperature. 2,2’-Dithiobisbenzothiazole, 2-mer- 
captobenzothiazole, and N-t-butyl-2-benzothiazole-sulfenamide required slight 
warming for dissolution. 


RECOMMENDED PROCEDURE AND RESULTS 


Calibration — Weigh accurately about 100 mg of sulfur, dissolve it in pyri- 
dine in a 100-ml volumetric flask, and dilute to the mark. Using aliquots of 
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this solution, prepare solutions A and B, containing 0.100 and 0.600 mg of sul- 
fur/ml of pyridine, respectively. 

Transfer 0, 1.0, 3.0, 6.0, and 10.0 ml ot solution A to 50-ml beakers, add 
enough pyridine to make a total of 10.0 ml, and add 20.0 ml of methanol with a 
pipet and 10.0 ml of buffer solution with a pipet. Mix well, rinse the polaro- 
graphic cell, and fill it. Degas the solution for 15 min with lamp grade nitrogen 
which has been presaturated by passing it through a gas washing bottle contain- 
ing 1 part pyridine, 2 parts methanol, and 1 part water by volume. 

Measure the average galvanometer deflection at —0.75 V vs the saturated 
calomel electrode using a galvanometer sensitivity of 5 microamperes full scale, 
temperature 25 + 1° C, and drop time of 3 to 6 seconds. 

In a similar manner, transfer 0, 1.0, 2.0, 4.0, and 6.0 ml portions of solution 
B to beakers, treat as above, and measure the average galvanometer deflections 
using a sensitivity of 20 microamperes full scale. 

Subtract the average galvanometer deflection for 0 mg of sulfur (residual 
current) from each of the other average galvanometer deflections measured at 
the same sensitivity and plot a graph of (average galvanometer deflection- 
residual current) vs mg of sulfur for each series. 

Procedure.—Weigh accurately about 100 mg of accelerator. Dissolve it in 
5 ml of benzene, warming if necessary. Pour the solution onto a column of 
alumina, 10 cm in height, 19 mm in diameter. Rinse the sample container 
with 5 ml of benzene and pour it onto the column when the level of the sample 
solution reaches the top of the alumina. Repeat the rinsing once more. When 
the level of the second portion of rinse solution reaches the top of the alumina, 
add about 25 ml of benzene. Collect the first 15 ml of eluate. A little pressure 
on top of the column or vacuum on the receiver may be used to speed the 
elution but the flow rate should not exceed 3 ml/min. 

Evaporate the eluted solution at a temperature just below the boiling point. 
Remove the beaker from the heat just before it reaches dryness and complete 
the evaporation to dryness at room temperature. 

Dissolve the sulfur residue in 10.0 ml of pyridine measured with a pipet, 
warming slightly to insure complete dissolution. Add methanol and buffer 
solution, degas, and measure as in the calibration procedure. If less than 1 mg 
of sulfur is expected, measure at 5 microamperes full scale deflection. If from 
1 to 3.6 mg are expected, measure at 20 microamperes full scale. 

At least once each day run a blank determination. Subtract the residual 
current from the sample reading and refer the corrected average galvanometer 
deflection to the calibration plot to find the amount of sulfur present. 

Several samples were analyzed by the recommended procedure. The results 
are shown in Table II. The reproducibility on samples containing 1 to 2% free 
sulfur is + 1%, relative. 

SYNOPSIS 

Adsorption chromatography can be utilized to separate free sulfur from the 
common accelerators containing chemically bound sulfur after which the estima- 
tion of the separated sulfur can be done by the polarographic method of Poulton 
and Tarrant’. Sulfenamide, dithiocarbamate, thiuram disulfide, 2-mercapto- 
benzothiazole, and 2,2’-dithiobisbenzothiazole accelerators can be analyzed by 
the procedure during approximately 1 hour per determination. The repro- 
ducibility is + 1% relative on samples containing 1 to 2% free sulfur. An 
attempted chromatographic separation of sulfur from N,N-diisopropyl-2- 
benzothiazolylsulfenamide was not successful. 
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VULCANIZATION OF ELASTOMERS. 12. PERBUNAN 
WITH THIURAM MONOSULFIDE AND SULFUR. I* 


WALTER SCHEELE AND Horst—-Eckart ToussAINtT 


Kavurscuuk Institut, Tecuniscue HocuscHuLte, HANNovER, GERMANY 


INTRODUCTORY REMARKS 


In the case of natural rubber we showed some time ago!, that vulcanization 
with tetramethylthiuram monosulfide plus sulfur (1 mole monosulfide per gram- 
atom of sulfur) in the presence of zine oxide proceeds in the same way as vul- 
canization with tetramethylthiuram disulfide, inasmuch as the formation of 
dithiocarbamate follows a first order reaction and the amount of dithiocarba- 
mate formed, independent of the temperature, approaches a limiting value of 
66 mole per cent based on the initial thiuram monosulfide. Furthermore, we 
established the fact that the rate constant for the formation of dithiocarbamate, 
-alculated from the temperature function, is the same for vulcanizations, above 
about 120° C, carried out with either tetramethylthiuram disulfide or with 
tetramethylthiuram monosulfide plus sulfur. Vulcanization with tetramethyl] 
thiuram monosulfide plus sulfur at temperatures below 120° C shows a higher 
activation energy, so we inferred that in this temperature range, a reaction 
between monosulfide and sulfur preceding vulcanization is the rate determining 
factor for the formation of the dithiocarbamate. Because this result could 
possibly be of importance in a discussion of the reaction mechanism of thiuram 
vulcanization, we repeated the research, using Perbunan 2818. The results of 
this work will be reported and discussed in this article. 


EXPERIMENTAL RESULTS 


The preparation of the vulcanizates and the analyses, need not be gone into 
further, since we have already reported on them frequently”. Preferably, the 
research results may be directly described. 

No trace of thiuram disulfide could be detected in the extracts from the vul- 
canizates during any phase of the vulcanization of Perbunan 2818 with tetra- 
methylthiuram monosulfide plus sulfur (1 mole monosulfide per gram-atom of 
sulfur). We were therefore content in this work, for the kinetic analyses of the 
reactions, with the determination of the zine dithiocarbamate formed. The 
quantitative analyses were made by conductometric titrations of the extracts 
with hydrochloric acid solution, as has been repeatedly described. 

In order to obtain a comparison between results of vulcanization with 
thiuram disulfide and with thiuram monosulfide plus sulfur, we also investigated 
the vulcanization of Perbunan with tetramethylthiuram disulfide, and confined 
ourselves to the determination of the zine dimethyldithiocarbamate which was 
formed. 

In Figure 1, we show that in the case of vulcanization of Perbunan 2818 with 
tetramethylthiuram monosulfide plus sulfur, (1 mole monosulfide per gram- 
atom sulfur), in the presence of zinc oxide, the yield of zine dithiocarbamate 
reaches the value of 66 mole per cent based on the initial monosulfide. In our 


* Translated for RusBeER CHEMISTRY AND TECHNOLOGY by W. D. Wolfe, from Kautschuk und Gummi, 
Vol. 10, WT 51 to 57, March 1957. To save space, three tables of data in the original have been omitted. 
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Fig. 1.—Demonstration of the limiting value for dithiocarbamate formation during vulcanization of 
Perbunan with tetramethylthiuram monosulfide plus sulfur (1 mole monosulfide per gram-atom of sulfur) 
in presence of zine oxide. Ordinate: Zinc dimethyl dithiocarbamate (mole %). Abscissa: Reciprocal of 
vulcanization time, 1/t-10*. TMTM: Tetramethylthiuram monosulfide. 


opinion, Figure | confirms in an impressive way the fact, as has been shown al- 
ready in a number of cases, that two thirds of the respective thiuram compound 
is always converted to zine dithiocarbamate. This can now be considered as 
an important characteristic of every thiuram vulcanization of pure poly-1,5- 
dienes. Yet we cannot be certain as to just how it comes about. Despite this 
uncertainty, the rubber chemist learns from these results, that the same condi- 
tion is always found after completion of the vulcanization reaction, regardless 
of whether he used a thiuram monosulfide plus sulfur, appropriate for the 
formation of the disulfide. 

Figure 2 (ordinate: zine dithiocarbamate (66.6-X) in mole %, abscissa; 
vulcanization time ¢ in minutes), shows that the dithiocarbamate formation, at 
all temperatures within the range used in these experiments, is a reaction of the 
first order. Deviations from the first order, such as were noted near the end of 
the reaction in vuleanizations of natural rubber with thiuram monosulfide plus 
sulfur', were also observed in the present work. Only the linear portions of the 
curves are shown in Figure 2. 

Now we must point out a remarkable, and in our opinion, quite clear result 
which is shown by Figure 2. If the linear sections of the curves in Figure 2 are 
extrapolated upward, they do not intersect the ordinate for 66% att = 0. This 
is contrary to all the cases of vulcanization with thiuram disulfide. A perfectly 
evident induction period is shown here. It becomes larger at lower tempera- 
tures. At 100° C, for instance, the induction period amounts to about 100 
minutes, whereas it is only about 10 minutes, at 150° C. From this we must 
conclude that a reaction between the thiuram monosulfide and sulfur precedes 
the formation of the dithiocarbamate, and in the course of the reaction a situ- 
ation exists as if the thiuram disulfide was already formed in the molecule or 
on the other hand was rather rapidly formed. Hence, in this case the actual 
crosslinking should be tied in with the formation of dithiocarbamate, as is the 
vase of vulcanization with thiuram disulfide, for which the change in reciprocal 
swelling limit and the increase in dithiocarbamate have the same rate‘. One 
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Fic. 2.—Presentation of dithiocarbamate formation as a first order reaction in the vulcanization of 
Perbunan with tetramethylthiuram monosulfide plus sulfur (1 mole monosulfide per gram-atom sulfur) in 
presence of zinc oxide. Ordinate: Zinc dimethyl dithiocarbamate (66.6 — X) (mole %). Abscissa: Vul- 
canization time, ¢ (min). 


would think from inspection of Figure 2, that the experimental curves would 
have to interesect the ordinate fort = 0. For the curves to meet the ordinate 
at t = 0, they would have to follow a sharply curved path as is shown by the 
broken line in one case. Yet the dithiocarbamate content in the region of the 
induction period is so low that it cannot be determined with sufficient accuracy. 
In corresponding research done with natural rubber', we could not recognize 
the induction period with certainty, because work was done there with two 
molds which differed widely in weight (wall thickness). This led us to con- 
sider the induction periods noted there as times required for heating to really 
begin. Now we show in Figure 3 that no induction period is found in the vul- 
canization of Perbunan 2818 with tetramethylthiuram disulfide, in which case 
likewise the formation of dithiocarbamate is a first-order reaction. Obviously 
the formation of dithiocarbamate sets in with the decrease of the thiuram di- 
sulfide, which starts immediately—this again is not clearly shown here. In our 
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Fia. 3.—Presentation of dithiocarbamate formation as a first order reaction in the vulcanization of 
Perbunan with tetramethylthiuram disulfide in presence of zinc oxide. Ordinate :,Zinc dimethyldithiocar- 
bamate (mole %). Abscissa: Vulcanization time, ¢ (min). 
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opinion, this indicates that the thiuram disulfide either contained the cross- 
linking agent, already formed in its molecule or else is the agent itself. 

The rate constants for dithiocarbamate formation were calculated with the 
help of the curves in Figures 2 and 3 and the analytical data. They are shown 


7 

the curves differ very little, which is to say that there are only slight differences 
in the activation energies. We calculated Qpc = 19.6 keal for the vulcaniza- 
tion with tetramethylthiuram disulfide and Qpc = 22.1 kcal for vulcanization 
with tetramethylthiuram monosulfide plus sulfur. We do not consider that 
these relatively small differences have any particular significance, especially 
since Qpc = 20.4 kcal was found! in the vulcanization of natural rubber with 
tetramethylthiuram monosulfide plus sulfur at temperatures above 120° C. 
It seems to us more as if both the vulcanization reactions show the same rela- 
tionships for dithiocarbamate formation and with respect to energy. If we 
assume this position, then we need not ascribe any great importance to the 
differences in the rate constants shown in Figure 4. 

We had found out earlier!, that dithiocarbamate formation during vulca- 
nization of natural rubber with tetramethylthiuram monosulfide plus sulfur, is 
faster than when vulcanization is done with tetramethylthiuram disulfide. 
We are not inclined to assign any particular importance to this observation, 
but are more inclined to ascribe the differences in rate constants of dithiocar- 
bamate formation to different breakdown or degree of purity of the rubber. 
We may therefore conclude that in the kinetics of thiuram vulcanization of 


asa function of temperature in Figure 4 (108 kpc =f (5 )). The slopes of 
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Fic. 4.—Temperature Gependonse of the rate constant for dithiocarbamate formation during the vul- 
canization of Perbunan with tetramethylthiuram monosulfide plus sulfur (1 mole — -— gram 
atom of sulfur) and also with tetramethyithiuram disulfide in presence of zine oxide. - - 
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Perbunan, as far as the formation of dithiocarbamate is concerned, there is 
practically no difference between vulcanization with thiuram disulfide and with 
thiuram monosulfide plus sulfur. Whether the crosslinking action in vulean- 
ization with thiuram monosulfide plus sulfur is kinetically related to the 
formation of dithiocarbamate is questionable on the basis of previous researches 
on natural rubber. However, there appears to be a difference between the two 
methods of vulcanization only in the matter of the induction period which is 
evident with the use of monosulfide but is not noted with the use of disulfide. 

In our opinion, vulcanization with thiuram monosulfide plus sulfur in prac- 
tice can be preferable to vulcanization with the corresponding disulfide; for if 
the work is done at temperatures which are not too high and if too long mixing 
times are avoided, prevulcanization can positively be avoided, and if sufficiently 
high temperatures are used so that the induction period is very short, Figure 2, 
the same results are obtained, as is shown by the conventional stress-strain 
values. This statement deals to be sure, particularly with rubber compounds 
without fillers. 


DISCUSSION OF THE EXPERIMENTAL RESULTS 


The important significance of investigations of reaction kinetics for rubber 
for practical purposes, rests heavily on obtaining quantitative relationships for 
the vulcanization reactions, with especial empliasis on their course, and in dis- 
covering exact information on the speed of vulcanization and on its depend- 
ence on temperature. Less simple is the evaluation of reaction kinetic studies, 
when they bear upon clarification of the mechanism of vulcanization. 

The existence of different ideas about the nature of thiuram vulcanization 
illustrates its complexity, and as far as our own research in this field is con- 
cerned, we might be of the opinion that our reaction-kinetic data alone will also 
be insufficient to clear up the matter, for they do not permit any direct state- 
ments about the constitution of the crosslinked sites. Nevertheless, such re- 
action kinetic researches, with their quantitative (even if sometimes ambigouus) 
results, can make worthwhile contributions to the discussion of the course of 
the reaction, and in any case by systematic studies can bring about an order in 
the phenomena. And although reaction kinetic results sometimes show a 
recognizable lack of certainty in the conclusions which are drawn from them, 
the attempt will be made in the following to discuss the results of our kinetic 
analyses of thiuram vulcanization in relationship to the prevailing views on its 
nature, and to make clear the extent to which they may be reconciled to one 
or the other of these views. 

In discussing a vulcanization reaction one must differentiate between the 
discussion of the constitution of the crosslinked sites and the discussion of the 
mechanism of the reaction. Hence, we will confine ourselves to remarks on 
the course of thiuram vulcanization, since reaction kinetic studies deal pri- 
marily with the mode of reaction from the initial condition to the finished 
product. 

There can be no doubt that in thiuram vulcanizations in the presence of 
zinc oxide, 66 mole per cent of the initial thiuram disulfide or even of the initial 
thiuram monosulfide (1 mole monosulfide per gram-atom of sulfur) is trans- 
formed to zinc dithiocarbamate in every case and practically independent of 
temperature. This happens whether the work is done with natural rubber or 
with a synthetic poly-1,5-diene, such as Buna or Perbunan. The question to 
be answered is that of the mode of arrival at this two-thirds reaction of the 
respective thiuram compound with zine oxide to the zinc dithiocarbamate. 
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Are we dealing with a reaction of the thiuram compound with the zine oxide to 
form zine dithiocarbamate, in which case the crosslinking must be considered 
as a result of this reaction, or are we dealing with a reaction of the thiuram com- 
pound with the allyl unit of the poly-1,5-diene under consideration, in which 
case the dithiocarbamate formation would be considered as a result of this 
reaction? Finally, one may ask if both reactions are not possible, so that we 
should have to deal with the course of two simultaneous reactions. 

Craig and coworkers®, who thus far consider the heart of their work to be in 
the research on chemical reactions of different thiuram compounds, regard it 
to be possible that the formation of dithiocarbamate is not exclusively con- 
nected with a reaction between the respective thiuram compound and rubber. 
They further think, since considerable amounts of zine dithiocarbamate are 
formed by reaction of zine oxide with thiuram disulfide at higher temperatures, 
that the zine dithiocarbamate formed in thiuram vulcanizations, can be in any 
case partially the result of a direct reaction of the thiuram disulfide with zinc 
oxide’. Contrasted with this view, we have thus far held to the opinion that 
the thiuram compound first enters into reaction with the poly-1,5-diene, and 
that the dithiocarbamate is formed in the course of further reaction, and at the 
same time the crosslinking site is established. 

It may now be debated, which of the ideas can be considered fundamental 
from the point of view of the kinetic results on the study of the course of thiuram 
vulcanizations. For this purpose, consider the following schematic diagram. 


ScHEMATIC REPRESENTATION OF THE POSSIBILITIES IN THE REACTION 
PATH FOR THIURAM VULCANIZATION 


kip — First order rate constant for thiuram disappearance. 
khe — First order rate constant for dithiocarbamate formation. 
kg — First order rate constant for crosslinking reaction. 


(Kinetics of reciprocal swelling.) 


ZV — Intermediate compound (Zwischenverbindung). 
(I) ___Poly-1,5-diene (II) 
Ke TD + ZnO Ke | 
“TD D ‘| 
ZV; on ZnO ZV: 
from (a) on ZnO b) 
Poly-1,5-diene + TD - from | \ 
| ZnO + TD 
ZV: + Poly- Decomposition 
Crosslinking — 1,5-diene of ZV2 
koe ko | 
Formation of Vulca- Crosslinking | 
Zn dithiocar- nizate , F : 
bamate kpc kg kpc 
| a 
ke = ko | ‘ | 2 | 
Formation of Vul- Formation 
Zn dithio- cani- of Zn dithio- | 
carbamate zate carbamate 
Ll ae kb - Crosslinking 
(Note: TD: Thiuram disulfide) as side 


reaction 
with kg 














134 RUBBER CHEMISTRY AND TECHNOLOGY 


The system poly-1,5-diene, thiuram disulfide, and ZnO react at first to an 
intermediate stage (transition state) or to an intermediate compound which is 
either a reaction product of the poly-1,5-diene and thiuram disulfide (ZV) or 
else (ZV2) results by direct reaction of thiuram disulfide with zinc oxide. The 
concentration of the thiuram disulfide can decrease in both cases, according to a 
first order reaction, as is actually observed. As to ZV,, one can suppose that 
it forms dithiocarbamate in a further reaction step with simultaneous cross- 
linking; and the kinetics show that this reaction is of the first order both with 
respect to dithiocarbamate formation and to the occurrence of crosslinking, and 
that the formation of dithiocarbamate and of crosslinks proceed at the same 
rate. There are fundamentally two possibilities for further reaction for ZV». 
This intermediate may react (IIa) with the structural element of the poly-1,5- 
diene with formation of dithiocarbamate while simultaneously setting up bridg- 
ing bonds. It can also be seen that it may decompose with the formation of 
zine dithiocarbamate (IIb), in which case the crosslinking would be a side 
reaction, since the dithiocarbamate formation would also occur if the poly-1,5- 
diene were not present at all. 

The hypothesis for the existance of ZV; or ZV2 is brought in by results of 
kinetic analyses of thiuram vulcanizations. These showed for instance that 
the reduction in concentration of the thiuram disulfide is connected‘ with the 
course of some reaction which goes faster than the formation of zine dithiocar- 
bamate; and since the rate constant for disappearance of thiuram at constant 
concentration rises with increments of zine oxide, it is easy to assume that the 
intermediate compound forms in contact with zine oxide’, an inference which is 
self evident for the formation of ZV2. 

We will show in a subsequent article, that dithiocarhamate formation and 
thiuram disappearance can go at the same rate under certain conditions of 
concentration of thiuram disulfide and of zine oxide. 

If the intermediate compound is a reaction product of thiuram disulfide and 
a structural unit of poly-1,5-diene then we should have to look upon zine oxide 
as a catalyst; however, if it is insoluble in organic solvents and therefore does 
not appear in the extracts of vulcanizates as a reaction product of thiuram di- 
sulfide and zine oxide, then the zinc oxide would not be a catalyst, but a reaction 
partner. Nowsince the kinetics make the formation of an intermediate product 
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Fie. 5.—Dependence of ‘‘bound”’ tetramethylthiuram disulfide (mole %) on the vulcanization time for 
natural rubber with tetramethylthiuram disulfide and ZnO. Ordinate: Thiuram disulfide (mole %). 
Abscissa: Vulcanization time, ¢ (min). 
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Fria. 6.—Dependence of “bound’’ tetraethylthiuram disulfide (mole %) on vulcanization time in the 
vulcanization of natural rubber with tetraethylthiuram disulfide (mole %) on vulcanization time in the vul- 
canization of natural rubber with tetraethylthiuram disulfide and zinc oxide. Ordinate: Thiuram disulfide 
(mole %). Abscissa: Vulcanization time, ¢ (min). 


on the surface of the zine oxide seem plausible, both conceptions are in harmony 
with them. In any case the intermediate is the purveyor of the dithiocarba- 
mate. 

The concentration of the intermediate, regardless of the type, must always 
show a maximum over the vulcanization period, if the dithiocarbamate forma- 
tion follows a slower course than the disappearance of thiuram. Actually we 
did not investigate this very precisely before. For this purpose, the sulfur and 
nitrogen content of the extracted vulcanizates should be determined and the 
dependence of these values on vulcanization time and temperature should be 
found. A certain insight into this situation is gained by plotting the differ- 
ences between the decomposed thiuram disulfide (mole per cent) at certain 
periods and the corresponding generated dithiocarbamate (mole per cent) 
against the vulcanization time. This shows the change with time of the 
amount of ‘‘bound” thiuram disulfide. 

Figures 5 and 6 show such graphs for the vulcanization of natural rubber 
with tetramethyl and tetraethylthiuram disulfides. It can be seen that these 
curves run through a maximum with the reaction time. 

Naturally the curves do not fall to zero concentration as they would do if 
they were only showing the change of the concentration of the intermediate 
compound with time. Actually the amount of the “bound” thiuram disulfide 
corresponds to the sum from the intermediate product and the crosslinking, 
provided the situation is not more complicated. However this may be, such 
curves, calculated from analytical results, should find confirmation if it is true 
that the dithiocarbamate is the only extractable reaction product of the thiuram 
vulcanization. In other words if such curves agree with others which are to be 
experimentally ascertained, then we could exlcude with certainty side reactions 
in which thiuram disulfide is not changed to dithiocarbamate and vulcanizate. 
Further research must give information on this matter. 

As far as the crosslinked sites are concerned, we have been able recently to 
show that their formation follows an equation of the first order‘. It is of im- 
portance in this connection to note that the rate constants for crosslinking are 
like those for dithiocarbamate formation; that is to say that crosslinking and 
dithiocarbamate are simultaneously occurring end products of vulcanization by 
way of an intermediate compound. 
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It is known that a number of metallic oxides form certain amounts of the 
corresponding metal dithiocarbamate when the oxides are heated with thiuram 
disulfides; and Craig® has recently expressed the opinion that he does not con- 
sider it out of the question for the formation of zinc dithiocarbamate in a thiuram 
vulcanization to be at any rate in part, the result of a reaction, such as is shown 
in our schematic representation from ZV» along the course IIb. Craig has 
sought to bring this assumption into harmony with our observation of a two- 
thirds transformation of thiuram disulfide to dithiocarbamate and has formu- 
lated a corresponding reaction mechanism. 

Without debating the question of the immediate formation of dithiocar- 
bamate from thiuram disulfide and zine oxide, which is an important question, 
concerning which Craig has expressed opinions, we would like to look briefly 
at the possibilities of this reaction in the case of thiuram vulcanizations. 

Let it first be noted that in our opinion it is not acceptable to assume that 

the appearance of dithiocarbamate in a thiuram vulcanization rests upon the 
course of two independent, simultaneous reactions; for opposed to this is the 
fact that dithiocarbamate finally formed is 66 mole per cent of the initial 
thiuram disulfide and its formation is not dependent on temperature. It 
should also be noted, in looking over our diagram, that we cannot well assume 
that the reaction paths I and ITb are traversed at the same rate, so it is not 
acceptable to say that the reactions of ZV2 over IIa and IIb are of the same rate. 
Because of the fact that the limiting value of dithiocarbamate formation is in- 
dependent of temperature, a fact which seems more reasonable for a completed 
reaction, we should assume that three possible courses of reaction exist, namely 
through I, IIa or IIb. However we can always point to the assumption that if 
it is a matter of the reaction of thiuram disulfide with zinc oxide by way of 
ZV», this course can lead regularly to one and the same transformation in the 
presence of the poly-1,5-diene. In our opinion such an explanation is not in 
conflict with the inference of a self contained reaction course; for the poly-1,5- 
diene would participate, if not directly at least indirectly, in the formation of 
the dithiocarbamate. 
* ' Thus, Craig has recently brought up the possibility of an immediate reaction 
between thiuram disulfide and zinc oxide, because we could detect no induction 
period in our analysis of the kinetics of dithiocarbamate formation during the 
vulcanization of natural rubber with thiuram monosulfide plus sulfur (1 mole 
monosulfide per gram-atom of sulfur). As has been said before, this induction 
period does appear in a corresponding vulcanization of Perbunan. Finally, we 
could show that the dithiocarbamate formation is tied in with the crosslinking, 
so the argument brought by Craig in support of his conception is not valid. 
Nevertheless we cannot decide from our later results that Craig’s view is not 
correct and the reaction path IIb is to be rejected; for neither the induction 
period for dithiocarbamate formation during vulcanization with thiuram mono- 
sulfide plus sulfur, nor the similarity of the rates for crosslinking and dithio- 
carbamate formation, is at variance with Craig’s interpretation. On the other 
hand, such results do not necessarily support his view; they are in just as good 
agreement with the assumption that a direct reaction takes place between 
thiuram disulfide and rubber to ZV; (reaction path I). 

In our opinion we cannot make a decision on these points from all the data 
available as yet from research on thiuram vulcanization; at the present, it is 
much better to weigh the different possibilities. 

The following observation bears on the hypothesis of the direct formation 
of zinc dithiocarbamate from thiuram disulfide and zinc oxide (without the 
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intervention of rubber): The formation of dithiocarbamate is considerably 
slower in the system: xylene + thiuram disulfide + ZnO than it is when 
geraniol is added (20 ce geraniol in 800 cc of xylene solution). If we were 
dealing solely with a reaction between disulfide and zine oxide, the speed of 
formation of dithiocarbamate should not be changed with addition of geraniol. 

It has also been noticed that the quotient derived by dividing the rate con- 
stant for thiuram disappearance by the rate constant for dithiocarbamate 
formation (kpp/kpc) for the Perbunan vulcanization is different from the cor- 
responding value for Buna vulcanization®. We found the value for one quotient 
to be 4.0 and for the other 2.0 at a temperature of 120° C. This shows that the 
rate constants are quite different. The formation of dithiocarbamate takes 
place in the vulcanization of Buna at 120° C, at about six times its rate for 
Perbunan, and the disappearance of thiuram is three times as fast in Buna as 
it isin Perbunan. In view of such data, it is not easy to accept IIb as the path 
of reaction. We are more inclined to correlate such results with the structural 
units of the polymer and their capacities for reaction, and to think of a reaction 
course along I. Yet we may offer the suggestion, that differences in the rate 
constants such as have been noted here, may be only questions connected with 
the media in which the vulcanization takes place (viscosity, high-molecular 
structure and the like), since the specific vulcanizate appears as the solvent for 
the thiuram disulfide. 

Now although specific results of research on the reaction of thiuram disulfides 
with model materials show that among the reaction products, there are found 
those which contain both sulfur and nitrogen, and from this we reason that the 
thiuram disulfide takes a direct part in the reaction, yet we will turn our atten- 


tion to the study of the reacticn of thiuram compounds with zine oxide and also 
other metallic oxides, from which appreciable amounts of the corresponding 
metal dithiocarbamate arise. Quantitative studies of such reactions as well 
as the study of the thiuram vulcanization of poly-1,5-dienes, in presence of 
oxides other than zine oxide should lead to further explanations. The fol- 
lowing may be cited from the results of previous research which we have con- 
ducted on this line: 


1. In the vulcanization of natural rubber with tetraethylthiuram disulfide 
in the presence of tellurium dioxide instead of zine oxide, tellurium (II) dithio- 
‘arbamate is formed—again independent of the temperature—in amounts 
equal to 66 per cent of the initial thiuram disulfide, in a zero order reaction with 
a pronounced induction period. These data are from yet unpublished research 
by Scheele and Stang. This work will be reported later. Even though there 
was here a two-thirds transformation of the thiuram to dithiocarbamate, the 
vulcanizates did not have the quality that is found when zinc oxide is used. 

2. When vulcanizations of natural rubber are carried out with tetraethyl- 
thiuram disulfide in the presence of bismuth oxide the resulting vulcanizates 
again are poor, technically unusable materials. However, considerable amounts 
of dithiocarbamate are formed. This amount of nearly 80 mole per cent on the 
initial thiuram disulfide, independent of the temperature. If the formation of 
dithiocarbamate from the thiuram disulfide and bismuth oxide were the de- 
cisive point, then we should expect the vulcanizates to be good and usable. 
This, however, was not the case. These results are from yet uncompleted 
research by Scheele and Grasemann. 

3. Both bismuth oxide and zine oxide form important amounts of dithio- 
carbamate when they are reacted at elevated temperatures with thiuram di- 
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sulfide; but in preliminary tests, about 90 mole per cent of zinc dithiocarbamate 
is formed when zinc oxide is reacted with tetraethylthiuram disulfide at 120° C. 
The limiting value for the dithiocarbamate, which should correspond to a two- 
thirds transformation of the thiuram disulfide, is far exceeded. These results 
are from preliminary work by Scheele and Grasemann. 


These preliminary data show clearly the necessity for further broad, well 
planned research in order to clarify the relationships. Our work will therefore 
be continued. 


SUMMARY 


The vulcanization of Perbunan 2818 by tetramethylthiuram monsulfide plus 
sulfur (1 mole monosulfide per gram-atom 8) was thoroughly studied. The 
following results were shown: 


The limiting value for dithiocarbamate formation is 66 mole per cent of the 
initial thiuram monosulfide, indicating a two-thirds transformation. The 
limiting value is practically independent of temperature. 

The formation of dithiocarbamate can be described as a reaction of the first 
order. 

The formation of dithiocarbamate is characterized by an induction period 
which grows longer with lowering of the temperature, and at 100° C it amounts 
to about 100 minutes. 

The rate constants for dithiocarbamate formation were calculated, and it 
was shown that they were practically the same as those for the vulcanization 
of Perbunan with tetramethylthiuram disulfide. 

The activation energies as derived from the temperature dependence of the 
rate constants for dithiocarbamate formation in the vulcanization of Perbunan 
by thiuram monosulfide plus sulfur on the one hand and with thiuram disulfide 
on the other, are only very slightly different and are practically the same as the 
activation energy for dithiocarbamate formation during the vulcanization of 
natural rubber with thiuram monosulfide plus sulfur. 

The results were thoroughly discussed in light of the present conceptions of 
the course of thiuram vulcanizations. 
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COMPOUNDS. I* 
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INTRODUCTION 


In a series of investigations, we have dealt!? with the vulcanization of nat- 
ural rubber and of some synthetic rubbers by thiuram disulfide (TMTD) 
and/or by thiuram monosulfide (TMTM) and sulfur (1 mole TMTM per gram 
atom §) in the presence of zinc oxide. This we call “pure thiuram vulcaniza- 
tion”. 

We limited our experiments to purified rubbers. All starting materials 
(natural rubber, Buna, Perbunan) were freed as well as possible from impuri- 
ties by exhaustive extraction in a Soxhlet apparatus with suitable organic solv- 
ents. Thus, because of identical pretreatments, materials of well defined 
chemical character were used. It is our understanding that it is highly import- 
ant in practical applications to have quantitative knowledge of the chemical 
reactions occurring during vulcanization, to know their interrelations with the 
crosslinking phenomenon itself, as well as the rates of the individual reaction 
steps that are to be used for calculations of any kind. Therefore, we have 
scrutinized particularly the kinetics of vulcanization but hoped that, at the 
same time, the collected data would contribute toward the elucidation of the 
reaction mechanisms. 

The main features previously established for the pure thiuram vulcanization 
are as follows: The decrease of thiuram disulfide concentration and the increase 
of dithiocarbamete concentration are first order reactions at all temperatures 
investigated. The formation of dithiocarbamate is the slower reaction. It 
takes place in contact with zine oxide and its rate constant is an increasing 
linear function of the zine oxide content.. A 3-conversion of the thiuram com- 
pound to zine dithiocarbamate, independent of temperature, as well as of 
thiuram and zine oxide concentration is typical for pure thiuram vulcanization. 
Crosslinking and dithiocarbamate formation have equal rates. If thiuram 
monosulfide and sulfur are used in a molar ratio corresponding with the com- 
position of thiuram disulfide, dithiocarbamate formation has an induction time 
which decreases with increasing temperature. 

It is probable that pure thiuram vulcanization is dependent on reaction of 
the thiuram disulfide or of the thiuram monosulfide and sulfur with zine oxide, 
a reaction in which crosslinking of the rubber molecules participate indirectly. 

It is advisable to distinguish this pure thiuram vulcanization from sulfur 
vulcanization accelerated by thiuram compounds. With this we mean all 
vulcanizations in which are used as the crosslinking agents in the presence of 
excess zinc oxide, thiuram disulfide (TMTD) and/or thiuram monosulfide 


* Translated for RuBBER CHEMISTRY AND TECHNOLOGY by Franz A. Regenass from Kautschuk und 
Gummi, Vol. 11, WT 51-56, March, 1958. Tables of data have been omitted to save space. 
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(TMTM) and sulfur in varying proportions. E.g.,1 TMTD:xS or 1 TMTM: 
(x + 1)8. 

In this paper, we present experimental results which render possible a pre- 
liminary orientation in the field of sulfur vulcanization accelerated by thiuram 
disulfide in the presence of zine oxide. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Sulfur vulcanization of natural rubber accelerated with tetramethylthiuram 
disulfide (TMTD:S = 1:1) at various temperatures.—In order to gain a general 
view of the conditions existing in the sulfur cure in the presence of thiuram di- 
sulfide accelerators, we investigated at first the temperature dependence only 
of those cures which contained mixtures of one gram mole 8 per mole TMTD 
together with the ever present zine oxide. 

The concentration drop of the thiuram disulfide, the increase of the dithio- 
carbamate content, and the crosslinking (measured by the change of reciprocal 
equilibrium swelling in benzene in dependence on time of vulcanization) were 
investigated. The cures were carried out as usual at temperatures of 80°, 90°, 
100°, and 110° C. The natural rubber (pale crepe), which was used, was ex- 
tracted with acetone for one week in a Soxhlet apparatus prior to mastication. 

The results are plotted in Figures 1, 2, 3 and 4. It can easily be noticed 
that the dithiocarbamate contents (mole per cent of the thiuram disulfide 
charged) surpass the limiting value observed in the pure thiuram vulcanization, 
and if the logarithm of the dithiocarbamate increase is plotted versus the recipro- 
cal cure time (Figure 1) a limiting value is obtained that is about 84 mole per 
cent relative to the thiuram disulfide charge. This represents the important 


result of sulfur increasing the dithiocarbamate yield. In spite of this, however, 
the dithiocarbamate formation is still a first order reaction, which is evident 
from Figure 2 (abscissa: Cure time in minutes; ordinate logarithmic: Zinc di- 
methyl dithiocarbamate [84 — x] mole per cent). The same also is true for 
the concentration decrease of the thiuram disulfide, given in Figure 3 as first 
order. However, comparison of the rate constants (see later) with those ob- 
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Fic, 1.—Limiting value of Dithiocarbamate formation in the sulfur cure of natural rubber accelerated 
by tetramethylthiuram disulfide (1 TMTD:1 8) ; 100 g of stock contains 8.14 g ZnO, 2.404 g TMTD, 0.3206 
g 8. 
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Fia. 2.—Dithiocarbamate formation as first order reaction in the sulfur cure of natural rubber accelerated 
by tetramethylthiuram disulfide (1 TMTD:1 S). 
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Fria. 3.—Decrease of thiuram disulfide concentration as a first order reaction in the sulfur cure of natural 
rubber accelerated by tetramethylthiuram disulfide (1 TMTD:1 §). 
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The limiting value of the reciprocal equilibrium swelling in the sulfur cure of natural rubber 
accelerated by tetramethylthiuram disulfide (1 TMTD:1 8). 


served in a pure thiuram vulcanization, shows that the thiuram decrease as 
well as the dithiocarbamate increase occurs at a faster rate, if the mixtures 
contain sulfur in addition to thiuram disulfide. This, of course, is known to 
everyone experienced in the field. 

We have shown on numerous occasions that crosslinking itself can be deter- 
mined by swelling measurements; for, the reciprocal equilibrium swelling in a 
suitable solvent (usually benzene) may be considered as an index of the degree 
of crosslinking’. We found that the change with vulcanization time of the 
reciprocal equilibrium swelling 1/Q; in the pure thiuram cure is first order and 
that it has the same rate as the dithiocarbamate formation’. The situation is 
similar in the case of the sulfur cure accelerated by tetramethylthiuram di- 
sulfide for TMTD:S = 1:1. 

In Figure 4, we plotted the reciprocal equilibrium swelling 1/Q; versus the 
reciprocal cure time in order to find the optimum degree of crosslinking. It is 
noted that the curves intersect on the ordinate. Which means 


lim 1/Q; = 1/4. 


t20 


irrespective of the cure temperature (as in the pure thiuram vulcanization). 
From Figure 4 it is found that 1/Q,, = 0.3 (gram swelling agent per gram vul- 
canizate). 

In Figure 5, the log of (1/Q,, — 1/Q,) is plotted versus cure time. The 
curves are straight lines. In other words, the rate of crosslinking is also first 
order. But here an induction period is noticeable which is not observed in the 
pure thiuram vulcanization; and finally, crosslinking and dithiocarbamate 
formation have no longer equal rates. The rates of the crosslinking reaction 
are somewhat smaller than the rates of the dithiocarbamate formation, the 
difference, however, being minute (compare Table I). 

From the temperature dependence of the rate constants of thiuram de- 
crease, of dithiocarbamate increase, and of crosslinking (the latter is not 
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Fig. 5.—Change with vulcanization time of the reciprocal equilibrium swelling as first order reaction in the 
sulfur cure of natural rubber accelerated by tetramethylthiuram disulfide (TMTD:1 8). 


demonstrated here) considerably higher activation energies are calculated 
than for the pure thiuram vulcanization. It is found for the thiuram decrease 
Qrp = 30 kcal/mole, for the dithiocarbamate increase Qpc = 25.3 keal/mole, 
and for the crosslinking Qcross = 28.6 kcal/mole. However, it would seem too 
early to derive any conclusions from these values, since the calculation of activa- 
tion energies from results obtained at only four temperatures can merely be 
considered to be estimates. Nevertheless, the value for Qpp = 30 kcal/mole 
is conspicuous, considering the value of the activation energy for the sulfur 
decrease during the sulfur cure in the presence of diphenylguanidine' as well as 
in the presence of mercaptobenzothiazole® which was calculated to be about 30 
kcal/mole. Additional investigations will have to show, whether any hidden 
relationships can be found here. 


TABLE I 


Rate Constants OF THruRAM DECREASE kp, OF DITHIOCARBAMATE INCREASE ki, 
AND OF CROSSLINKING ki,o55. IN THE SULFUR CURE OF NATURAL RUBBER ACCELER- 
ATED BY THIURAM DISULFIDE (1 TMTD:1 5S at DirreRENtT TEMPERATURES AND 
1 TMTD:2 To 8S at 90° C) 


TMTD:S Temp., kp - 103, kpo- 108, keross,*103, 

mole/g-atom *@ min™ min~ min™! 
Bi 1.52 0.937 0.696 

] 5.60 2.49 2.07 

1 17.5 6.92 5.95 

1 75.6 31.4 22.9 


i 
Zz 
Is 


6.25 3.06 
11.6 5.84 
15.7 8.96 
16.1 9.05 
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Vulcanization at 90° C of natural rubber by increasing amounts of sulfur, ac- 
celerated with tetramethylthiuram disulfide—We have demonstrated that already 
at a ratio of 1 TMTD:1 § the limiting value of dithiocarbamate formation, 
which is 66 mole per cent in the pure thiuram vulcanization, increases to more . 
than 80 mole per cent. Therefore, we were interested to find out what would 
happen if the sulfur concentration were further increased while the thiuram 
disulfide concentration of the stocks were kept constant. We investigated 
this at 90° C with rubber compounds containing 2, 4, 6, and 8 gram atoms of 
sulfur per mole thiuram disulfide, while the zinc oxide content, of course, was 
kept constant (8.14 g ZnO and 2.404 g TMTD in 100 g of rubber compound, 
varying 8 content). The analytical results of the thiuram decrease and of the 
dithiocarbamate increase, as well as the changes of the reciprocal equilibrium 
swelling in relation to the cure time have been plotted in the figures. 

First of all, it should be pointed out that initially the limiting value of the 
dithiocarbamate formation still increases with increasing sulfur concentration 
but finally becomes constant at concentrations slightly above 90 mole per cent 
(relative to the amount of thiuram disulfide originally present). This is shown 
in Figure 6 in which the limiting value of the dithiocarbamate formation is 
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Fic. 6.—Change of end values of the dithiocarbamate formation versus initial sulfur concentration in the 
sulfur cure of natural rubber accelerated by tetramethylthiuram disulfide (constant thiuram concentration). 


plotted versus the initial sulfur concentration (gram atoms S per mole thiuram 
disulfide). It is obvious that the limiting value becomes constant as soon as 
the stocks contain 4 gram atoms of sulfur per mole of tetramethylthiuram di- 
sulfide. 

Since the limiting value of the dithiocarbamate formation was found to be 
independent of the temperature in the pure thiuram vulcanization as well as in 
the sulfur vulcanization accelerated by 1 TMTD:1 §, it is safe to assume that 
the limiting values at all other ratios of TMTD:S will also be independent of the 
temperature ; this becomes even more probable through the fact that the limiting 
value becomes constant at about 90 mole per cent of zine dithiocarbamate. 
This, of course, is the limiting value of dithiocarbamate formation inthe reaction 
of tetraethylthiuram disulfide with zine oxide, and this value also was found 
to be independent of the temperature. 

Here we have the remarkable fact that in the sulfur-cure accelerated with 
thiuram disulfide the limiting value of the dithiocarbamate formation is in- 
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creased, its increase, however, becoming constant when reaching a value which 
was also observed in the reaction of thiuram disulfide with zinc oxide, 90 mole 
per cent of the originally present thiuram disulfide; this, of course, happens in 
rubber compounds containing about 4 gram atoms of sulfur per mole thiuram 
disulfide. 

It is well known that sulfur cures accelerated by thiuram disulfide are 
faster than pure TD vulcanization. However, it might be asked, whether the 
rate of cure can be increased at will and whether it is increased at all if what 
would seem quite obvious—the concentration of the thiuram disulfide ‘the 
accelerator” is increased in the stock while the sulfur concentration be kept 
constant. This question is answered by a kinetic interpretation of the results. 

In Figure 7, we plotted the thiuram decrease and the dithiocarbamate in- 
crease as of first order. The limiting values of dithiocarbamate determined for 
the individual TMTD:S ratios has been taken as 100. It can be seen in this 
manner that the conversions fall on straight lines, thus satisfying the first 
order rate law for all sulfur concentrations. In considering the different scales 
of the abscissas, one will further recognize that in the sulfur cure accelerated by 
TMTD too the thiuram decrease in each case is the faster process. 





=) 
° 


—_ 
o 





o 
oO 


© 


(100-x) ; 
mation =100 


D:(1..8)S 
[| 


°(1...8)S 








bl 
Oo 
Thiuramdisulfide, Mole-% 








limiting value of dithiocarbamate for: 


tS 
& 
& 
a 
§ 
& 
8 
3 
3 
€ 
£ 
= 
& 
3 
3, 
e: 
3 
a: 












































10 
500 tv) 30 








Vuleanization time t, min 


Fie. 7.—Thiuram decrease (right) and dithiocarbamate formation (left) as first order reactions i in = sulfur 
cure of natural rubber accelerated by tetramethylthiuram disulfide (different ratios of TMTD:S8). 
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Reciprocal equilibrium swelling 1/Q: 
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Fia.8.—The limiting value of the reciprocal equilibrium swelling in the sulfur cure of natural rubber accel- 
e erate od by tetramethylthiuram disulfide (different ratios of TMTD:S, cure temperature 90° C). 


From Figure 7 it can, furthermore, be seen that the slopes of the curves 


increase with increasing sulfur concentration, in other words, the rates of di- 
thiocarbamate increase and of thiuram decrease increase with increasing sulfur 
content. This process, however, is limited. It is found that the conversions 
in vuleanizations with 1 TMTD:6 8S and 1 TMTD:8 § give but one single 
curve for the dithiocarbamate increase as well as for the thiuram decrease. 
This means that in rubber stocks containing 6 gram atoms sulfur per mole 
thiuram disulfide cure rates are obtained which represent peak values. These 
cure rates cannot be increased any further, except by increasing the zine oxide 
content which one might assume to have a similar influence upon the kinetics 
as in the pure thiuram vulcanization’. Note that the rate increase of the vul- 
canization reaches a limit if thiuram disulfide and sulfur are present in such a 
ratio as to form approximately 90 mole per cent dithiocarbamate based on the 
original amount of thiuram disulfide. This 90 mole per cent represents the 
amount which would also be obtained—irrespective of temperature—from a 
reaction of thiuram disulfide and zinc oxide in the absence of rubber. 

We consider this result to be significant, although it was obtained only with 
tetramethylthiuram disulfide and only at one single reaction temperature and 
we believe it to express fundamental relations. For, if one considers the com- 
pletely uniform behavior of tetramethyl-, tetraethyl-, and tetrapropyl-thiuram 
disulfide in the pure TD vulcanization, the materials differing only in their 
reaction rates’, one can assume that similar relations are true for the present 
case. 

In this connection, it is also to be noted that in the sulfur cure accelerated by 
tetramethylthiuram disulfide the limiting value of the dithiocarbamate forma- 
tion reaches an end value of 90 mole per cent with increasing sulfur concentra- 
tion. This is the same yield of dithiocarbamate which was observed in the 
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reaction of tetraethylthiuram disulfide with zine oxide. Although the reactions 
of two different thiuram disulfides are compared here, the agreement in the 
final yields of dithiocarbamate does not appear to be coincidental. And thus 
we reach the conclusion that homologous thiuram disulfides act in principle 
similarly as accelerators of sulfur cure. Some comments have already been 
made concerning the influence of temperature. 

To deal with and to interpret the kinetics of crosslinking is somewhat more 
difficult than it is with the kinetics of thiuram decrease and dithiocarbamate 
formation. On the one hand this is due to reversion that occurs as soon as the 
stocks contain more than 2 gram atoms of sulfur, and on the other hand is 
caused by the complicated relation of increase in combined sulfur with time 
which, when plotted for cures with 4, 6, and 8 gram atoms of sulfur per mole 
thiuram disulfide shows a point of inflection when 2 gram atoms of sulfur per 
mole of thiuram disulfide have been combined. (We shall deal more thoroughly 
in a future paper with the problem of the concentration decrease of free sulfur 
and in all likelihood we shall be able to make some comments as to the kind of 
sulfur combination.) 

Although reversion is not very pronounced even for high initial sulfur con- 
centration, it still renders difficult a precise determination of the limiting value 
of the reciprocal equilibrium swelling. This can clearly be seen from the curves 
in Figure 8 which represent the functional relation of 1/Q; and of the reciprocal 
cure time ignoring reversion. However, it can be noted that the final degrees 
of crosslinking, 1/Q,,, increase with increasing sulfur content as expected from 
the theory. The final degree of crosslinking for concentrations above 2 gram 
atoms of sulfur per mole thiuram disulfide shows a practically linear increase, 
but this will not be demonstrated here in particular. 
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Fia. 9.—Reciprocal equilibrium swelling versus cure time in the sulfur cure of natural rubber accelerated 
by tetramethylthiuram disulfide (different ratios of TMTD:S, cure temperature 90° C). 





148 RUBBER CHEMISTRY AND TECHNOLOGY 


If the limiting values of equilibrium swelling determined or estimated from 
Figure 8 are assumed to be 100 and if all values for 1/Q; are adjusted accordingly 
and plotted versus cure time, the curves in Figure 9 are obtained. In principle, 
they show the same thing as the curves in Figure 7 (left hand side) which depict 
the first order reaction of dithiocarbamate formation. In both cases, the ex- 
perimental values for cures with 1 mole TMTD and 1 or 2 gram atoms of 
sulfur coincide on a single curve, then a considerable rate increase occurs if 
more than 2 gram atoms of sulfur per mole TMTD are present, and finally the 
reaction curves for cures with 1 mole TMTD and 6 or 8 gram atoms of sulfur 
coincide again, thus indicating that the limit of the rate increase of the cross- 
linking has been reached. 

The already mentioned complicated increase of combined sulfur during the 
vulcanization offers considerable difficulties in the determination of the order of 
the crosslinking reaction in the present case. This is enhanced by the fact that 
the limiting value of the reciprocal equilibrium swelling cannot be determined 
with great accuracy due to the occurrence of reversion. Nevertheless it may 
be safely assumed that the change of the reciprocal equilibrium swelling with 
time follows the first order reaction law in the case of compounds containing 1 or 
2 gram atoms of sulfur per mole of thiuram disulfide. In our opinion the re- 
sults of this investigation justify a distinction between a “pure thiuram vul- 
canization” and a “sulfur vulcanization accelerated by thiuram compounds’”’. 
However, they also prove the existence of a relation between the two. This 
shows up in the fundamentally identical kinetics of thiuram decrease and di- 
thiocarbamate increase which in both cases are first order reactions, the rates of 
which, however, increase to a peak value with increasing sulfur concentration. 
Furthermore, the relation between the action of the thiuram disulfide and the 
limiting value of dithiocarbamate formation is unmistakable; for, between the 
smallest limiting value of 66 mole per cent of dithiocarbamate formation in the 
pure thiuram cure and its highest limiting value of about 90 mole per cent in the 
reaction of thiuram disulfide with zinc oxide on one hand as well as in the sulfur 
cure with thiuram disulfide (1 TMTD:4 8) on the other hand there lies the 
whole region of possible rate increases of the vulcanization, in other words, at a 
given temperature each limiting value of dithiocarbamate formation between 66 
and 90 mole per cent corresponds with a specific cure rate. It is quite evident 
that the acceleration of vulcanization is not dependent on the absolute amount 
of thiuram disulfide, but is determined rather by the ratio TMTD:S. Thus 
it will be generally impossible to increase the cure rate by merely increasing the 
concentration of the thiuram disulfide at a given sulfur concentration. If this 
is done, it is possible that just the opposite result is attained, however the cure 
rate increases if at a constant thiuram content the sulfur concentration is in- 
creased, and it reaches its peak if 6 gram atoms of sulfur are present per mole of 
thiuram disulfide. 

All this gives the impression that vulcanization with thiuram disulfide alone 
as well as with sulfur in the presence of thiuram disulfide is based on a reaction 
of the thiuram disulfide with zine oxide, in which the rubbers are involved by 
crosslinking and in which the optimum yields of dithiocarbamate increase to a 
peak value with increasing sulfur concentration simultaneously causing the 
reaction rate and, therefore, also the cure rate to increase. Thus it is actually 
indifferent whether one talks about a sulfur cure accelerated by thiuram disul- 
fide or a thiuram cure accelerated by sulfur. Nevertheless, the former term 
will be adhered to, since the sulfur undoubtedly is the vulcanizing agent. 
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SUMMARY 


The present paper deals with the results of an orientating, quantitative in- 
vestigation of sulfur vulcanization accelerated by thiuram disulfide, with tetra- 
methylthiuram disulfide as the representative example. It was found: 

In the sulfur cure of natural rubber with tetramethylthiuram disulfide at 
different TMTD:S ratios, the rates of TMTD decrease and dithiocarbamate 
formation increase with increasing sulfur concentration, the TMTD content 
being kept constant. The rates practically do not change any further when 
the compounds contain 6 gram atoms of sulfur per mole of thiuram disulfide. 

The peak value of dithiocarbamate formation increases with the increase of 
sulfur concentration and reaches a constant end value of about 90 mole per cent 
based on the amount of original thiuram disulfide, when the stocks contain 4 
gram atoms of sulfur per mole thiuram disulfide. This end value is identical 
to the end value of dithiocarbamate formation in the reaction of thiuram di- 
sulfide with zine oxide (in the absence of rubber). 

The crosslinking, as measured by the change of reciprocal equilibrium swell- 
ing per time unit is also a reaction whose rate increases with the sulfur concen- 
tration to the point where the compounds contain 6 gram atoms of sulfur per 
mole of thiuram disulfide. 

The optimum degrees of crosslinking are roughly proportional to the sulfur 
concentration; at high sulfur levels the vulcanizates tend to revert. 

As in the pure TMTD vulcanization, the TMTD decrease as well as the 
dithiocarbamate formation are always first order reactions. 

The reversion at higher sulfur levels as well as the complicated course of the 
increase of combined sulfur during vulcanization render all but impossible an 
accurate determination of the reaction order for the crosslinking at higher 
sulfur levels. Nevertheless, in vulcanizations with 1 mole TMTD per 1 or 2 
gram atoms of sulfur the crosslinking is a first order reaction. 
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VULCANIZATION OF ELASTOMERS. 19. THE 
FUNCTION OF OXIDES IN THIURAM 
VULCANIZATION* 
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Kautscuuk Institut, Tecuniscut HocuscHuLe, HANNOVER, GERMANY 


INTRODUCTION 


Recently we reported a quantitative study of the reaction of tetraethyl- 
thiuram disulfide (TETD)! with zinc oxide. The decrease of TETD was 
measured as well as the formation of zinc dithiocarbamate (ZnDEDC) in their 
dependence on reaction time and temperature. It was found, based on the 
amount of TETD used, that 90 mole per cent of ZnDEDC is formed, inde- 
pendent of both temperature and the molar ratio of the mixture of the two 
reactants. This is a considerably larger conversion than is observed during 
thiuram vulcanization, where 66 mole per cent of ZnDEDC is always formed 
independent of temperature, thiuram disulfide content and ZnO content. 

In this connection it was shown that the conductometric and the spectro- 
photometric analysis of the powder extracts gave practically identical limiting 
values of the ZnDEDC formation. However, the analyses deviated from each 
other, if insufficiently reacted powders were analyzed. From this we con- 
cluded that the powder extracts must have contained at least one additional 
reaction product. However, we would like to demonstrate now with new work 
that our final conclusions were obtained erroneously, at least with respect to 
the reaction of TETD with ZnO (in absence of rubber!). The recent work 
indicates that in the above reaction ZnDEDC is practically the only reaction 
product which can be extracted with organic solvents. Finally, the quantita- 
tive study of the reaction of TETD with other oxides than ZnO in the presence 
or absence of rubber is described. The results may be of importance in the 
elucidation of the mechanism of thiuram vulcanization. 


RESULTS AND DISCUSSION 


Tetraethylthiuram disulfide and zinc oxide.—For the reaction of TETD with 
ZnO sealed test tubes were used in all cases. At the end of the reaction, after 
cooling to room temperature, the tubes were opened. It was observed that 
they were under appreciable pressure, which was an indication of the formation 
of gases. The formation of gases was already observed by Craig?. The re- 
action between TETD and ZnO is therefore pressure dependent. If the test 
tubes are charged with increasing amounts of a mixture of TETD and ZnO and 
if care is taken to keep the volume of the tubes constant after sealing, it may be 
observed that with constant temperature the amount of ZnDEDC formed in 
equal time intervals is proportional to the amount of the powder mixture used. 


* Translated by Franz Widmer for Rusper CHEMISTRY AND TECHNOLOGY from Kautschuk und Gummi, 
Vol. 11, pages WT 23-30, February 1958. Tables of data have been omitted to save space. 
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TABLE I 


PRESSURE DEPENDENCE AT 140° oF THE REACTION OF 
TETRAETHYLTHIURAM DISULFIDE WITH ZINC OXIDE 








Wt. of 
TETD- 
ZnO Spectr. anal. Conduct. anal. 
React. mixture mk —, a ‘ 
time, in 20 ml ZnDEDC, TETD, ZnDEDC, TETD, 
min. reactor mole % mole % mole % mole % 
10 0.5 56.5 38.2 56.5 35.0 
10 1.0 63.2 33.3 64.8 28.0 
10 2.0 68.2 23.6 67.0 18.6 
10 4.0 73.3 14.6 71.0 . 
30 0.5 72.0 13.4 69.5 - 
30 1.0 78.6 10.5 77.3 - 
30 2.0 86.0 2.4 85.0 _ 
30 4.0 87.0 0.7 88.5 — 
180 0.5 88.4 — 90.5 — 
180 1.0 89.0 a 90.0 - 
180 2.0 88.8 — 88.0 
180 4.0 88.5 — 88.6 


Results of such experiments are presented in Table I. The basic behavior is 
also represented by the curves in Figure 1, where the yields of ZnDEDC are 
expressed as mole per cent of the charged TETD. In the series of experiments 
I to IV the amount of mixed powder in the test tubes increases whereas the 
reaction volume remains constant. By increasing the mass, the pressure of the 
gas which is generated also increases and therefore the amount of ZnDEDC 
which is formed in comparable time intervals is the largest along curve IV. 
Besides, all the curves converge for long reaction times and reach the limiting 
value of 90 mole per cent ZnDEDC. 

The experiments also show that conductometry (+) and spectrophotome- 
try (O) give identical ZnDEDC valués. Therefore we conclude that the earlier 
observed deviations between the two analytical methods were caused by the 
different pressures prevailing in the tubes. We would like to emphasize the 
fact that the two methods were employed independently. We consider the 
agreement of the results from the two methods to be important because it indi- 
cates—contrary to our recently expressed view—that aside from ZnDEDC 
probably no other reaction products are formed. On the contrary, it is more 
probable that ZnDEDC is practically the sole reaction product which is 
soluble in organic solvents. 
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Fic, 1.—Demonstration of pressure dependence for the reaction of ZnO with TETD. 
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The analysis of dry residues from extracts of mixtures of TETD and ZnO 
which were allowed to react 10, 30 and 120 minutes, respectively, supports this 
view. Based on the amount charged, the sum of TETD and ZnDEDC was 
95.5, 98.4 and 99.6 per cent, respectively (spectrophotometric) and 92.0, 97.8 
and 96.4 per cent, respectively (conductometric). It is not known whether 
the extracts contain other difficultly volatile reaction products which might be 
lost during the evaporation in vacuum of the extraction medium. If there are 
any, they can occur only insmall amounts. It should be noted that this state- 
ment is restricted to the reaction of TETD with ZnO. For thiuram vulcaniza- 
tion a separate investigation would have to be made. 

With Figure 2 we demonstrate the fact that during thiuram vulcanization 
both the conductometric (+) and the spectrophotometric (O) determinations 
result in practically identical ZnDEDC values. Although the conductometric 
results were taken from earlier researches’, and the spectrophotometric analy- 
ses are of a more recent date!, the agreement as expressed by the reaction 
curves is more than incidental. 
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ZnDEDC formation during thiuram vulcanization of NR (conductometric and spectrophoto- 
metric analyses of the vulcanization extracts). 


The activation energies are calculated to be Qrgrp = 21.0 and QznprEpc 
= 21.0 kcal/mole. They were determined from the temperature dependence 
of the spectrophotometrically obtained rate constant of the thiuram decrease 
and the ZnDEDC increase during thiuram vulcanization. They are in good 
agreement with values of earlier researches*. It is important that if the tem- 
perature dependence of the half-value times of the TETD decrease and 
ZnDEDC increase are used, the same value is essentially found for the activa- 
tion energy. The results show that Qrerp = 23.5 and QzapEepc = 22.8 keal/ 
mole (conductometric) and Qrprp = 21.9 and Qzapepc = 21.5 kcal/mole 
(spectrophotometric). The good agreement of the activation energy also 
seems to indicate that thiuram vulcanization in the presence of ZnO is a reaction 
between TETD and ZnO in which rubber has a direct bearing. 

Tetraethylthiuram disulfide and bismuth oxide-—According to both our recent 
researches and those of Craig®, the question arises as to whether other metal 
oxides are capable of replacing ZnO in its extraordinary role in thiuram vul- 
anization. 
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Fig. 3.—Decrease of the TETD concentration during the reaction with Bi2Os:. 


We have found in quantitative tests that the oxides of lead (PbO, Pb3;O,4 
and PbO.), NiO, CoO, FesO3, CdO, chromium oxide, SeO2, TeOs, AleO3, MgO 
and others are only partially effective as replacements for ZnO. In order to 
find the reason for this, we have investigated the quantitative behavior of 
Bi.O3 and TeOs. First, we will report on the experiments with Bi.Q3. 

Bi.O3 reacts very violently with TETD at vulcanization temperatures. 





100 





Wismutdithiocarbaminat [ Mol-% J 





























180 240 300 
Reaktionszeit [ min ] 


Fig, 4.—BiDEDC formation during the reaction of TETD with Bi2Os.. 
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A considerable amount of lemon yellow BiDEDC, which is soluble in some 
organic solvents, is formed. 

The results of the quantitative investigation of the reaction are presented 
in Table II. Figure 3 shows that also in this case a continuous decrease of the 
thiuram content takes place, whereas Figure 4 illustrates the increase of 
BiDEDC content with reaction time in powder mixtures at various tempera- 
tures. It can be seen that the curves in Figure 4 approach a common limiting 
value for the BiDEDC formation. This can be recognized most conveniently 
when the log of the conversion is plotted against the inverse reaction time, as 
has been done in Figure 5. There can be no doubt, that independent of tem- 
perature, 85 mole per cent of BiDEDC is formed, based on the initial amount of 
TETD. This is a slightly lower conversion than is obtained with TETD and 
ZnO (90 mole per cent). 
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Fia. 5.—Limiting value of the BIDEDC formation during the reaction of TETD with Bi2Os. 


If the same reaction is carried out in the presence of NR the concentration 
of TETD decreases whereas the amount of BiDEDC increases as shown in 
Figure 6. The curves here also approach a limiting value independent of tem- 
perature which in this case is about 82 mole per cent. This can be seen when 
the BiDEDC contents are plotted against the inverse reaction time. This 
value is practically identical with the limiting value of the BiDEDC formation 
in the absence of rubber. The BiDEDC formation again is a first order re- 
action, as illustrated in Figure 7 (reaction time in minutes versus log of BiDEDC 
in mole per cent) with some deviations in the region of low conversions. 

If the activation energies Q for the BiDEDC formation during the reaction 
of BizO3 with TETD are calculated from the temperature function of the half- 
life, QBipEpc = 17.3 keal/mole is obtained. If Q is calculated from the rate 
constants of the reaction of both reactants in presence of NR, Qgipenc is found 
to be 17.5 keal/mole. This again obviously indicates that both cases are deal- 
ing with the same reaction. As a matter of fact, the case in question can only 
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Fie. 6.—BiDEDC formation during the re- 
action of TETD with Bi2O; in the presence of 
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Fria. 7.—The same as Figure 6; plot according to a 
k 
first order reaction. 


be a reaction between oxide and TETD, because no vulcanization takes place 
and the limiting values of the BiDEDC formation with or without NR are 
practically identical. 

Tetraethylthiuram disulfide and tellurium dioxide—The reaction of tellurium 
dioxide with tetraethylthiuram disulfide-—TeO: also reacts with TETD at vul- 
canization temperatures, but the familiar canary yellow dithiocarbamate (m.p. 
120°) of tetravalent tellurium (Te-IV-DEDC is recommended as accelerator) 
is not found but instead the dark red Te-II-DEDC with m.p. 159° C. 

We have observed that Te-IV-DEDC, which can be readily obtained by 
precipitation of Te-IV with alkali-DEDC, is a rather unstable compound. Its 
solutions in alcohol, acetone, ethyl acetate and in other solvents slowly change 
color from yellow to dark red upon prolonged standing; particularly in the 
presence of light, and even faster when brought to boiling. A thorough spectro- 
scopic investigation showed that aged solutions of Te-IV-DEDC finally contain 
only Te-II-DEDC and the corresponding TETD, because the ultraviolet 
spectrum of such solutions was identical with the spectrum of a solution con- 
taining TETD and Te-II-DEDC in a molar ratio of 1:1. We therefore con- 
clude that during the reaction of TETD with TeO, primarily-formed Te-IV- 
DEDC undergoes a rearrangement as follows: 


Te(—_S—CS—N=), — Te(—S—CS—N=), + =N—-CS—S—S—CS—N= 





so that the only reaction product finally found is Te-II-DEDC. 

The reaction of TeO. with TETD was quantitatively followed mainly by 
application of spectrophotometry. Figure 8 shows the absorption curves of 
the reaction product, Te-II-DEDC in methanol solution for various concentra- 
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Fic, 8.—Absorption curves of Te-II-DEDC at various concentrations 
(solvent: methanol; concentration: millimoles/1000 ml). 
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Fie. 9.- Sonstenshetemetns calibration curves of Te-II-DEDC 
and of TETD at three wavelengths. 
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tions (millimoles in 1000 ml of methanol). Figure 9 shows the spectrophoto- 
metric calibration curves for TETD and Te-II-DEDC at various wavelengths 
which were selected for the analysis (extinction moduli of the methanol solu- 
tions versus concentration). Spectrophotometric data from model analyses 
of methanol solutions of TETD and Te-II-DEDC in various molar ratios 
showed that the spectrophotometric analysis should be applicable. 

In Figure 10 the calculated Te-II-DEDC contents of the powders are plotted 
against reciprocal of reaction time. The plot suggests that the limiting value 
of DEDC formation certainly does not reach 80 mole per cent as with Bi.Os, it 
must instead lie between 60 and 70 mole per cent of the initial TETD. There- 
fore, it is of the same magnitude as the limiting value of ZnDEDC formation 
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Fic. 10.—Limiting value of the Te-II-DEDC formation during the 
reaction of TETD with TeOs:. 


during thiuram vulcanization. Furthermore, it is apparent that above 145° 
decomposition of Te-II-DEDC occurs, as recognized by the maximum in the 
conversion curve at 150°. 

The reaction of tellurium dioxide with tetraethylthiuram disulfide in presence 
of natural rubber.—Ethy] acetate extracts of the reaction of NR with TETD in 
presence of TeO» are dark red in color, expecially if the reaction times are long. 
This color reveals that also in the presence of NR, Te-II-DEDC is formed. 
However, the yellowish extract of short reaction times shows that at first 
Te-IV-DEDC is most certainly formed. The higher the reaction temperature, 
the faster the dark red extracts form, which unquestionably contain exclusively 


Te-II-DEDC. 
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At higher temperatures the rubber mixtures soon become olive green, then 
brownish and finally black, which is an indication for the slowly proceeding 
thermal decomposition of DEDC. This terminates in a precipitation of 
finely divided elementary Te. There is no indication of vulcanization. At 
any rate, considerable amounts of DEDC are formed before any crosslinking is 
detected. Crosslinking only sets in after the formation of elementary Te has 
begun. This indicates that crosslinking certainly is due to other reasons than 
those of a normally proceeding thiuram vulcanization. 

The reaction of TETD with TeO, in the presence of NR was studied in de- 
tail in two entirely independent investigations. In one case the Te-II-DEDC in 
the extracts was destroyed and converted to a solution of tellurous acid which 
then was determined iodometrically as elementary Te. In the other case, 
DEDC was determined spectrophotometrically and at the same time the re- 
maining TETD was determined. 

Figures 11 and 12 (log of the content of Te-II-DEDC versus reciprocal of 
reaction time) show that the limiting value of DEDC formation is practically 
identical with the value from the reaction of TETD with TeO.. From Figure 
11 (spectrophotometric analysis) we must conclude that with respect to the 
initial TETD, the limiting value is about 60 mole per cent. This value prob- 
ably is too small because the conversion curves already indicate at temperatures 
above 140° a decomposition of Te-II-DEDC. This, however, is only shown in 
Figure 11 for the curve at 160°. The curves for 140° and 150° only show the 
increasing contents of DEDC. Naturally the occurence of maxima in the 
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Fig, 11.—Limiting value of the Te-II-DEDC formation during the reaction of TETD with TeOs in 
presence of NR (spectrophotometric analysis). 
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Fig. 12.—The same as Figure 11; (iodometric analysis). 


conversion curves makes the determination of the limiting value of DEDC 
formation more difficult. Under these circumstances it is obvious that this 
limiting value is too low. Figure 12 (iodometric determination of Te) gives a 
somewhat larger limiting value, i.e., it lies between 60 and 70 mole per cent. 

In spite of such complications, which occur with the use of TeQ: in this case 
(see Figures 13 and 14) the thiuram decrease as well as the DEDC increase 
can be represented as first order reactions. However, the formation of Te-II- 
DEDC (Figure 14) is characterized by a clearly visible induction period. The 
interpretation of DEDC formation to be according to a first order reaction is 
based on the spectroscopically determined limiting value of 60 mole per cent as 
represented in Figure 11. 

The activation energy Qprpc of the DEDC formation, which is calculated 
from the temperature dependence of the half-value times of the reaction of 
TETD with TeOs, is found to be 28.5 kcal/mole (spectrophotometric analysis). 
From the temperature dependence of the first order rate constants of the same 
reaction in the presence of NR, Q is also found to be 28.5 keal/mole (spectro- 
photometric analysis) and 27.0 kcal/mole based on iodometric data. 

Here again it can be seen that DEDC formation in both cases furnishes the 
same value for the activation energy. This result is partly responsible for the 
conclusion that the reaction of TETD with the oxide also in this case is the 
decisive step. Since the limiting value of the Te-IT-DEDC formation is 
practically the same in the presence or absence of NR we arrive at the already 
earlier emphasized conclusion that we are not dealing with a thiuram vuleaniz- 
ation of the type experienced in the presence of ZnO. 
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If we recall that the reactions between TETD and ZnO and of TETD and 
Bi,O3 lead to high limiting values of DEDC formation, namely 90 and 85 per 
cent, respectively, then the considerably lower limiting value of Te-II-DEDC 
of 60 to 70 mole per cent is remarkable. In other words, we have the concep- 
tion that the limiting values of the DEDC formation during the reaction of 
metal oxides and TETD must become very large, provided that, the respective 
metal-DEDCs are stable and also, when in presence of NR, no genuine thiuram 
vulcanization takes place. Therefore the limiting value of the Te-II-DEDC 
formation of 60-70 per cent needs to be explained further. It can be shown 
that by consideration of the experimentally proved disproportionation of 
Te-IV-DEDC the experimentally determined limiting values of DEDC forma- 
tion of the divalent Te can be rendered comprehensible. 

Let us assume that during the reaction of TETD with TeO, in the presence 
as well as in the absence of NR the primary reaction product is Te-[V-DEDC 
and, provided no disproportionation takes place, its limiting value would lie 
around 80 mole per cent based on the initial amount of TETD. If this were 
the case, a disproportionation then would lead to 40 mole per cent Te-II-DEDC 
and 40 mole per cent TETD. The latter would again be available for con- 
version to 80 mole per cent Te-[V-DEDC or 36 per cent based on the initial 
TETD. Disproportionation of this amount would furnish 18 mole per cent 
Te-II-DEDC as well as 18 mole per cent TETD, thus providing again TETD 
which would be available for the reaction. This cycle will repeat itself until 
practically no TETD can be reformed. The yields of Te-II-DEDC in the 
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Fig. 13.—Decrease of the TETD concentration according to a first order law during the reaction with TeO2 
in presence of NR. 
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Fig. 14.—Te-II-DEDC formation ace ording to a first order law during the reaction of TETD with TeO:2 
in the presence of N 


individual steps form an infinite series with the help of which the limiting value 
of DEDC formation can be readily calculated. Thus: 
lim Te-II-DEDC = [(4/10) + (4/10)? + (4/10)? +--+ (4/10)"]-100 
toa 


This is a geometric series with the ratio r = 4/10 < 1. It is convergent and 
furnishes for the limiting value of Te-II-DEDC (a = first term of the series) 


lim Te-II-DEDC =[1/(1—q) ]-a=[1/(1-2/5) ]-2/5- 100 =2/3-100~ 66% 
ta 


It is obvious that by these considerations one arrives at a limiting value of 
60 to 70 per cent which also has been determined experimentally. If a similar 
calculation were made for an assumed limiting value of 75 mole per cent for 
Te-IV-DEDC, then the spectrophotometrically determined limiting value of 
60 mole per cent would be obtained, which probably is too low. 

Since crosslinking, which ultimately sets in during the reaction of TETD 
with TeO:, in the presence of NR (as already e mphasized) must proceed through 
some process other than with the “normally” proceeding thiuram vulcaniza- 
tion, it is fair to assume that the limiting value of Te-II-DEDC formation, 
which also for this case lies between 60 and 70 mole per cent, is the result of the 
disproportionation of primary formed Te-IV-DEDC. In other words, al- 
though the limiting value of DEDC formation is of the same order of magni- 
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tude as the limiting value which is observed during vulcanization with TETD 
in presence of ZnO, we must still conclude that a normally proceeding vul- 
‘anization in presence of TeOs» does not take place. 


SUMMARY 


This article is a continuation of our discussion of the role of oxides in thiuram 
vulcanization. The following additional results were obtained: 

The reaction of TETD and ZnO gives off gaseous products and is pressure 
dependent. By taking this into account, both the conductometric and the 
spectrophotometric methods of analysis furnish identical results for the DEDC 
yields as a function of reaction times. 

The reaction of TETD with Bi.O3; produces in the presence or absence of NR 
(independent of the temperature) approximately 82 mole per cent BiDEDC 
based on the initial amount of TETD. However, no vulcanization takes place. 

The reaction between TETD and TeQOs produces in the presence or absence 
of NR (independent of the temperature) a maximum yield of Te-II-DEDC of 
60 to 70 mole per cent based on the initial amount of TETD. Such a yield of 
DEDC is also observed during a TETD vuleanization with ZnO. Neverthe- 
less, no normal thiuram vulcanization takes place when TETD, TeO: and NR 
are heated together. 

When Te-IV-DEDC is dissolved in various organic solvents, it undergoes 
disproportionation and equimolar amounts of Te-II-DEDC and TETD are 
formed. 

The limiting value of the Te-II-DEDC formation of 60 to 70 mole per cent 
during the reaction of TETD with TeO; in the presence or absence of NR can 
be explained by a primary formation of Te-I[V-DEDC in a maximum yield of 
80 mole per cent followed by a disproportionation of the Te-IV-DEDC (the 
same as with a corresponding reaction in the presence of BizO3). Of course, 
it is assumed that the metal oxides during their reaction with TETD give maxi- 
mum yields of 80 to 90 mole per cent DEDC based on the initial amount of 
TETD. 

Furthermore, the experiments showed that thiuram vulcanization obviously 
is due to the reaction of TETD with ZnO in which NR participates with forma- 
tion of crosslinks. This concept is supported by the identical activation ener- 
gies of the TETD decrease and DEDC increase during the reaction of ZnO with 
TETD in the presence and absence of NR. 
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METAL OXIDES AS VULCANIZATION ACTIVATORS FOR 
SODIUM BUTADIENE RUBBER * 
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The vulcanizing group in rubber mixes is a complex system consisting of 
vulcanizing agents, accelerators, and vulcanization activators. Activation of 
vulcanization consists of additional acceleration of the process (apart from the 
effects of accelerators) and improvement of the technical properties of the re- 
sultant vulcanizates. Until recently, the most usual vulcanization activator 
has been zine oxide. In the opinion of some investigators the activating action 
of zine oxide depends in some measure on the fact that reactions between ac- 
celerators and metallic oxides give rise to salts! which are more soluble in the 
rubber than the accelerators themselves. According to other workers, di- 
sulfides? or polysulfides’ are formed during vulcanization in presence of acceler- 
ators and metallic oxides (especially zine oxide), and these decompose to liber- 
ate active sulfur. It has also been suggested that zine oxide exerts an oxidizing 
action’ on the rubber thiols formed at the first stage of vulcanization: 


accelerator 


RH + S. ———— RSH + S.-_1 
2RSH + Znt* — RSZnSR + 2Ht 
RSZnSR + S8.— RSSR + ZnS + S,-1 


The oxidizing action of the activator may be replaced by the analogous 
action of certain types of accelerators when the latter give rise to free radicals 
under the heat conditions of vulcanization®. In particular, we have shown that 
2-(diethylaminothio)-benzothiazole (sulfenamide BT) can be used for vulcani- 
zation of natural rubber in absence of zine oxide. For example, with 1.5 parts 
by weight of sulfenamide BT to 100 parts of natural rubber, 10 minutes of 
heating at 143° gave a vulcanizate of tensile strength 260 kg/cm’, as compared 
with 224 kg/cm? for the vulcanizate obtained in presence of MBT and zinc 
oxide. 

It is reasonable to assume that the nature of the action of vulcanization 
activators depends to a considerable extent on the chemical nature of the 
rubber—on the reactivity of its molecular chains in reactions of the type de- 
scribed. Indeed, repeated attempts to replace in the vulcanization of natural 
rubber, zine oxide by other less scarce metallic oxides have not proved success- 
ful. Since the introduction of synthetic rubber, for which the role of zine oxide 
as vulcanization activator is less pronounced, there have been reports®’ that it 
is possible to decrease the concentration of zine oxide considerably or even to 
eliminate it completely from rubber compositions. However, the data avail- 

* Reprinted from the Journal of Applied Chemistry (USSR), Vol. 30, pages 966-974 (1957); a transla- 


tion of Zhurnal Prikladnot Khimit 30, 917-926 (1957) by Consultants Bureau, Inc. Compare RUBBER 
Cuemistry & TecHNnoLoGy 31, 526 (1958) for a related article by the same authors. 
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able on this subject are contradictory, and in consequence a number of import- 
ant practical] and theoretical questions relating to the use and action of vul- 
canization activators have remained unsolved. This situation is probably the 
consequence of a lack of adequate experimental data on the role of the principal 
components of rubber mixes in activation of the vulcanization process. It 
was therefore desirable to study the action of various metallic oxides as vul- 
canization activators in relation to the type of rubber, vulcanization accelera- 
tors, and active fillers. 

The present communication is confined to an account of experimental data 
on the influence of various metallic oxides (zine oxide, magnesium oxide, cal- 
cium oxide, and calcium hydroxide) on the vulcanization kinetics of sodium 
butadiene rubbers. Two types of sodium butadiene rubber were studied: 
SKB polymerized by the rod method (SKB-r) and SKB polymerized by the 
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Fig. 1.—Distrionibut of activators in sodium butadiene rubber. Contents of activators 
(in parts by weight): ZnO, a) 1, b) 5; Ca(OH)s, e) 1, d) 5. 
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rodless (vapor phase) method (SKB-v). The mixes studied contained different 
amounts of accelerators and activators. However, they were all based on 100 
parts by weight of rubber, 2.0 parts of sulfur, and 2.0 parts of stearic acid. 
Stearic acid was not added to mixes which did not contain metallic oxides. 
The amounts of activators used were 1.0, 3.0, and 5.0 parts by weight. 

In a number of cases 1.0 part of activator gives a better vulcanizing effect, 
as shown by the mechanical properties, than 5.0 parts by weight. Microscopic 
investigations of raw mixes (Figure 1) showed that this type of action of 
activators is the consequence of less effective distribution of the metallic oxides 
in mixes with increasing concentration. This effect is often found for such 
activators as calcium oxide, calcium hydroxide, and less often for magnesium 
oxide. Zine oxide is distributed better, and therefore, in most cases 5 parts of it 
by weight are more effective. 

The mixes were vulcanized at 143°. 
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Fic. 2.—Vulcanization of rod-polymerized so- Fia. 3.—Vulcanization of rod-polymerized so- 
dium butadiene rubber in presence of MBT (0.6 dium butadiene rubber in presence of MBTS (0.8 
part by weight). A) Modulus at 400% elongation part by weight). A) Modulus at 400% elongation 
(in kg/em?), B) vulcanization time (minutes). (in kg/em?), B) vulcanization time (minutes). 
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Contents of activators (in parts by weight): /) 
without activator, 2) caleium oxide, 1.0, 3) zine 
oxide 5.0, 4) magnesium oxide 5.0. 


Contents of activators (in parts by weight): /) 
zine oxide 5.0, 2) magnesium oxide 5.0, 3) calcium 
oxide 5.0, 4) without activator, 6) MBT, zine oxide 


5.0, 6) MBT, without activator. 


The results, plotted in Figure 2, show the effects of activators on the course 
of variation of the modulus for mixes based on rod-polymerized SKB contain- 
ing mercaptobenzothiazole (MBT). Zine oxide and magnesium oxide exerted 
the greatest activating action. Only the kinetic aspects of the process are 
considered here. The effects of metallic oxides on the technical properties of 
vulcanizates will be described in another communication. 

Data on variations of the modulus (Figure 3) show that in absence of 
metallic oxides the presence of benzothiazolyl disulfide (MBTS) in the mix 
gives a vulcanization effect considerably greater than that produced by mer- 
captobenzothiazole under the same conditions. 

This effect of benzothiazoly! disulfide is a consequence of the fact that this 
accelerator has an independent vulcanizing (structurizing) influence on rubber’. 
In mixtures containing MBTS, the vulcanizing effects of magnesium oxide and 
valcium oxide approach that of zine oxide. 
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The effect of 2-(diethylaminothio)-benzothiazole (sulfenamide BT) on 
vulcanization of mixes based on rod-polymerized SKB is similar to the effect 
of MBTS, both in presence and in absence of activators. 

In mixes with thiuram, zine oxide is far superior to the other metallic oxides 
as vulcanization activator. 

Thus, vulcanization of mixes based on rod-polymerized SKB in presence 
of accelerators of different classes is activated considerably in presence of 
metallic oxides. Oxides of magnesium and calcium are practically equivalent 
to zine oxide in their activating effects, except in mixes with thiuram. 

A different situation is seen in the vulcanization of mixes based on SKB poly- 
merized by the rodless method. In such cases vulcanization proceeds vigor- 
ously in absence of the usual activator—zine oxide. Addition of the latter to 
mixes containing MBT, MBTS, or sulfenamide BT retards vulcanization. 
Figure 4 shows that the modulus—vulcanization time curve for a mix containing 
zine oxide lies considerably below the curve for the mix without activators. 
Other metallic oxides—calcium oxide and calcium hydroxide—have practically 
no influence on the vulcanization kinetics, while magnesium oxide even shows a 
slight tendency to increase the vulcanization effect. 

These results show that, in contrast to mixes based on rod-polymerized 
SKB, in mixes based on the rodless rubber, zine oxide not only does not activate 
vulcanization, but even decreases the vulcanization effect (Figure 5). This is 
also illustrated by the curves for variation of maximum swelling. 
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Fic. 4.—Vulcanization of rodless sodium butadiene rubber in presence of MBT (0.6 part by weight). 


A) Modulus at 400% elongation (in kg/cm*), B) vulcanization time (minutes). Contents of activators 
(in parts by weight): 1) without activator; 2) zinc oxide 5.0, 3) magnesium oxide 1.0, 4) calcium hydroxide 
1.0. 
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Fic. 5.—Vulcanization of sodium butadiene rubbers polymerized by the rod (SKB-r) and rodless 

(SKB-v) methods, in presence of MBT. A) Modulus at 400% elongation (in kg/cm*), B) vulcanization 
time (minutes). Contents of activators (in parts by weight): 1) SKB-r, without activator; 2) SKB-r, 
zine oxide 5.0; 3) SKB-v, without activator; 4) SKB-v, zine oxide 5.0. 


It is known that changes in the nature of swelling give an indication of 
structural changes in vulcanizates. The equation proposed by Flory and 
Rehner represents the relationship between swelling and concentration of cross 


links in the vuleanizate: 
; M.(1 —k) 1 
V = ——__——— 
2dv, 


where V is the degree of swelling, defined as the ratio of the volume of the sys- 
tem to the original volume of the rubber; M, is the average molecular weight of 
chain segments between crosslinks; d is the density of the polymer; v, is the 
molar volume of the solvent; & is a constant which depends on the temperature 
and the composition of the components. 

Vulcanizates based on rod-polymerized rubber (Figure 6), made without 
activators, have considerably higher swelling in benzene than vulcanizates with 
zinc oxide. The reverse is true of rodless rubber vulcanizates, which have 
greater swelling if zine oxide is present. This indicates that in the latter case 
zine oxide retards structure formation. What is the reason for this effect of 
zine oxide? The answer to this question is provided by data on the kinetics of 
sulfur addition. The amount of sulfur which reacted with rubber was found 
from the total sulfur content determined after prolonged extraction of the vul- 
canizates with acetone. The analytical data for the bound sulfur contents in 
vulcanizates based on sodium butadiene rubbers containing mercaptobenzo- 
thiazole as accelerator are given in Figure 7. It follows from Figure 7 that in 
mixes with rod-polymerized rubber, zine oxide gives a higher rate of sulfur 
addition than any other metallic oxide activator. In mixes with rodless rub- 
ber, zinc oxide retards the addition of sulfur to rubber. In such mixes the 
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Fic. 6.—Kinetics of the variation of the maximum swelling of vulcanizates after 24 hours of swelling in 
benzene. MBT accelerators. A) Maximum swelling (%), B) vulcanization time (minutes). I) Rod- 
polymerized SKB, II) rodless SKB. Contents of activators (in parts by weight): 1) zine oxide 5.0, 2) 
calcium oxide 1.0, 3) magnesium oxide 1.0, 4) without activator. 


rate of sulfur addition is highest in absence of metallic oxides. The presence 
of magnesium oxide also retards the binding of sulfur (although less so than zine 
oxide). It should be noted in this connection that the somewhat higher 
modulus values and the practically equivalent maximum swelling values, with 
a correspondingly lower amount of added sulfur, found for mixes containing 
magnesium oxide as compared with a mix without metallic oxides, indicate that 
magnesium oxide has an influence not only on the kinetics of sulfur addition 
but also on the relative contents of sulfur and other types of bonds between the 
molecular chains of the vulcanizates. 

We have therefore established the extremely interesting fact that zine oxide 


100 j_¢ oot ! 











Fie, 7.—Kinetics of sulfur addition. MBT accelerator. A) Amount of sulfur added (in %), B) vul- 
canization time (minutes). I) Rod-polymerized SKB, II) rodless\SKB. Contents of activators (in parts 
by weight): /) without activator, 2) magnesium oxide 1.0, 3) zinc,oxide 5.0. 
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has different effects in mixes (unloaded) of sodium butadiene rubber poly- 
merized by the rod and rodless methods, respectively. In rodless rubber 
mixes, in presence of such accelerators as MBT, MBTS, and sulfenamide BT, 
zine oxide retards vulcanization, decreasing sharply the rate of reaction of the 
rubber with the vulcanizing agent—sulfur. However, with accelerators of the 
thiuram type no such difference between the effects of metallic oxides in rod- 
polymerized and rodless rubber mixes is found—both require the use of zine 
oxide as activator. All this shows that the groups of activators studied—the 
thiuram type, on the one hand, and the thiazole and sulfenamide type, on the 
other—operate by different activation mechanisms. The mechanism depends 
not only on the chemical nature of the accelerator used, but also on the type of 
rubber. In the latter case, the presence of various impurities in the technical 
products may be significant. Zine oxide is not always needed in presence of 
thiuram. For example, we found that in butadiene-styrene rubber mixes with 
thiuram, calcium hydroxide is a better activator than zinc oxide. However, 
we are not concerned here with the role of activators in vulcanization of buta- 
diene-styrene rubber. This question needs a separate investigation. It is 
known that alkalinity of the rubber has a considerable influence on the kinetics 
of vulcanization. The question arises whether the anomalous action of zine 
oxide in mixes containing rodless sodium butadiene rubber is associated with 
the presence of definite amounts of alkali, or whether this action of zine oxide 
is specific for this type of rubber irrespective of its alkalinity. To answer this 
question, experiments were carried out with different batches of SKB poly- 


merized by the rodless method, differing considerably from each other in alkali 


























contents. The first batch contained 0.22% alkali, and the second, 0.6% 
(calculated as sodium carbonate). 
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Fie. 8.—Vulcanization of rodless SKB (0.22% 
alkali) in presence of MBT. A) Residual elonga- 
—- (%), B) modulus at 400% elongation (kg/cm?), 

C) vulcanization time (minutes). a) Modulus, 6) 
residual elongation. Contents of activators (in 
parts by weight): 1) without activator, 2) zinc oxide 
5.0, 3) magnesium oxide 3.0, 








Fie, 9.—Vulcanization of rodless SKB (0.22% 
alkali) in presence of MBTS. A) Residual elonga- 
tion (%), B) modulus at 200% elongation (kg/cm?), 
C) vulcanization time (minutes). a) Modulus, 6) 
residual elongation. Contents of activators (in 
parts by weight) : 1) without activator, 2) zinc oxide 
5.0, 3) magnesium oxide 3.0. 








OXIDES AS VULCANIZATION ACTIVATORS 171 


The variations of the physicomechanical properties of vulcanizates based on 
rodless SKB containing 0.22% alkali are plotted in Figure 8. It follows from 
the data in Figure 8 that vulcanization is most rapid in presence of magnesium 
oxide. The data on the action of zine oxide are contradictory in character. 
Thus, vulcanizates with zinc oxide have higher modulus and greater residual 
elongations than vulcanizates obtained without activators. Hence, according 
to the values of the modulus, zinc oxide activates the process, whereas according 
to the residual elongations vulcanization is retarded. 

In presence of MBTS (Figure 9) both the modulus data and residual elonga- 
tion data clearly indicate that zine oxide retards the interaction of the vul- 
canizing agent with the rubber. 

Mixes containing sulfenamide BT (Figure 10) show similar behavior to 
mixtures with MBT (Figure 8). Here zine oxide gives higher modulus values 
on the one hand, and greater residual elongations on the other, than are found in 
mixes without activators. 
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Fig. 10.—Vuleanization of rodless SKB Fie. 11.—Vuleanization of rodless SKB (0.6% 
(0.22% alkali) in presence of sulfenamide BT. alkali) in presence of MBT. A) Residual elongation 


A) Residual elongation (%), B) modulus at (%), B) modulus at 400% elongation (kg/cm?2), C) vul- 
200% elongation (kg/em*), C) vulcanization canization time (minutes). a) Modulus, b) residual 


time (minutes). a) Modulus, b) residual elon- elongation. Contents of activators (in parts by 
gation. Contents of activators (in parts by weight): /) without activator, 2) zine oxide 5.0, 3) 
weight): /) without activator, 2) zine oxide 5.0, magnesium oxide 3.0. 


8) magnesium oxide 3.0. 


With higher alkali contents in the rodless rubber (0.6% in this instance) the 
retarding effect of zinc oxide on the vulcanization kinetics is fairly prominent. 
The data in Figure 11 indicate that both characteristics—lower modulus and 
higher residual elongation—definitely show that zine oxide has this effect. 
This is confirmed by data on the kinetics of sulfur addition (Figure 12). 

In connection with these results it was of interest to determine what effect 
on the action of zine oxide in mixes based on rodless rubber with a relatively low 
alkali content further addition of alkali would have. The alkali contents of the 
mix were increased by additions of 1.0, 3.0, and 5.0 parts by weight of sodium 
carbonate. It follows from Figure 13 that while in a rodless rubber mix of low 
alkali content (0.22%), zine oxide gives higher modulus values than those for a 
mix without metal oxides, after addition of sodium carbonate the vulcanizates 
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Fic. 12.—Kinetics of sulfur addition in the vul- Fig. 13.—Effect of sodium carbonate on vul- 
canization of rodless SKB (0.6% alkali) in presence canization of mixes based on rodless SKB (0.22% 
of MBT. A) Amount of sulfur reacted (%%), B) alkali). MBT accelerator. A) Modulus at 400% 
vulcanization time (minutes). Contents of activa- elongation (kg/cm?), B) vulcanization time (min- 
tor (in parts by weight): 1) without activator, 2) utes). Contents of activators (in parts by weight) : 
zine oxide 5.0. 1’) without activator; 1) sodium carbonate 3.0, 2’) 


zine oxide 5.0, 2) zine oxide 5.0, sodium carbonate 
3.0, 3) magnesium oxide 5.0, sodium carbonate 3.0. 


with zine oxides have lower moduli. Thus, the effect produced by addition of 
sodium carbonate to mixes of low alkali content is analogous to the effect found 
in mixes based on sodium butadiene rubber with a high alkali content. The 
retarding effect of zine oxide on the vulcanization kinetics is increased with 
increasing alkali content. 

This behavior of zine oxide may be explained as follows. In presence of con- 
siderable amounts of alkali, vulcanization is so rapid that addition of zine oxide 
has no practical influence on the vulcanization kinetics. Moreover, at vul- 
canization temperatures, reactions of zine salts with vulcanization accelerators 
and sulfur lead to formation of zinc sulfide and therefore some of the sulfur is 
lost. This loss results in a decrease of the number of direct interactions between 
sulfur and rubber, as compared with the situation in absence of zine oxide. 
This ultimately leads to retardation of the vulcanization. 

As a consequence of the foregoing, further investigations of the influence of 
metallic oxides on the kinetics of formation of organically bound sulfur com- 
pounds, and on the processes of structure formation occurring during vulcaniza- 
tion, are desirable. 

The results described in this paper account for the contradictory information 
available in the literature on the activating action of zine oxide on sodium buta- 
diene rubber, since in different investigations polymers of different alkalinity 
were used. 


; SUMMARY 


1. Differences have been found in the action of metallic oxides as vuleaniza- 
tion activators for sodium butadiene rubbers polymerized by the rod and rodless 
methods. 
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2. It was found that unloaded mixes based on rodless sodium butadiene 
rubber, containing accelerators of the thiazole and sulfenamide types, do not 
require the addition of metallic oxides as vulcanization activators. 

3. It was shown that addition of zinc oxide to mixes based on rodless rubber 
with high alkali contents retards the vulcanization process. 


ACKNOWLEDGMENT 


We express our gratitude to P. F. Badenkov for initiating this investigation. 


REFERENCES 


1 Petrov, E., J. Rubber Ind. 12, 665 (1935); Kauchuk i Rezina 2, 51 (1937). 

2? Bruni, G., and Romani, E., India-Rubber J. 62, 89 (1921). 

3 Bedford, C., et al., Ind. Eng. Chem. 12 (1920); 13 (1921); 14 (1922). 

4 Barton, B., Ind. Eng. Chem. 42, 671 (1950); RuspBer Cuem. & Tecunot. 26, 510 (1953). 

5 Dodagkin, B., FeldshteIn, M., and Pevzner, D., J. Appt. Cuem. 28, 5 (1955). 

6 Ermolaev, A., and Buiko, G., J. Rubber Ind. 9, 3, 216 (1933). 

7 Karmin, B., J. Rubber Ind. 8-9, 898 (1936); 11, 1144 (1936); K. Kaluzhenina, Dissertation, Lomonosov 
Inst. Chemical Technology (Moscow, 1945). 

8 Dogadkin, B., Feldshtein, M., Dobromyslova, A., Shkurina, V., and Kaplunov, M., Proc, Acad. Sci. 
USSR 92, 1 (1953). 





THE MECHANISM OF VULCANIZATION AND THE 
ACTION OF ACCELERATORS * 


B. A. DoGADKIN 


Tue Lomonosov InstiruTe oF CuemicaL TEecHNoLoGy, Moscow, USSR 


Vulcanization of rubber is due to the formation of chemical interlinks be- 
tween molecular chains of rubber. A number of investigators! maintain that 
formation of these bonds is due to reactions of radical character. In the pres- 
ent paper data are presented which were obtained during the study of reactions 
in which elementary sulfur is liberated at room temperature. As a prototype 
of such reaction is the interaction of hydrogen sulfide and SOs which in rubber 
causes the socalled Peachey vulcanization. The usual views on the mechanism 
of this process are that the activity of sulfur liberated in statu nascendt is high 
enough to enable it to react with rubber and to create the spatial structure of the 
vulcanizate. However, this is an error. We have shown that pure sodium- 
butadiene rubber, heated to 80° in nitrogen atmosphere, does not vuleanize by 
the Peachey procedure, e.g., it does not become insoluble and its modulus of 
elasticity does not reach finite values. Consequently, the reaction causing the 
vulcanizing effect has a more complex character. 

To elucidate the mechanism of vulcanization we have studied the reaction 
of benzothiazolyl disulfide (MBTS) with hydrogen sulfide. In a hydrocarbon 
medium these compounds react at room temperature forming quantitatively 
elementary sulfur and mercaptobenzothiazole (MBT). Kinetics of this re- 
action are shown in Figure 1. If this reaction is carried out in a 10° solution 
of sodium-butadiene rubber, then the sulfur adds to the rubber, but vuleaniza- 
tion as characterized by formation of a spatial structure does not occur. The 
rubber solution is not gelatinized. 

An analogous phenomenon is observed during interaction of benzoyl per- 
oxide with hydrogen sulfide. Sulfur liberated in this reaction also does not 
cause crosslinking (vulcanization of rubber). 

It is of special interest that the distribution of bound sulfur in rubber is not 
homogeneous. Rubber precipitated from solution by acetone (approximately 
90% of total amount) contains practically no sulfur. The infrared spectrum 
of this precipitate is identical with that of the original rubber. All chemically 
bound sulfur is to be found in the small amount of rubber (ca. 5° of the total 
amount) which remains in the solution of acetone plus toluene. The sulfur 
content in this portion of rubber is about 2%. The spectral analysis indicates 
a loss of 30-40% of double bonds. This loss occurs mainly in the vinyl side 
groups of 1,2 structure (37% for 1,2 structure and 10° for the 1,4 structure). 
These data indicate that hydrogen sulfide and sulfur liberated under the condi- 
tions investigated are added to rubber intramolecularly. Thus interlinks are 
not formed and therefore vulcanization does not occur. The surplus loss of 
double bonds in comparison with the quantity of sulfur added hints at the 
formation of cyclic structures. An indirect confirmation of this conclusion is 


* Reprinted from the Journal of Polymer Science, Vol. 30, pages 351-361 (1958). A paper of the 
Prague Symposium. 
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Fic. 1.—Kinetics of mercaptobenzothiazole and sulfur formation during interaction 
of benzothiazolyl disulfide and hydrogen sulfide. 


the lowering of the absorption intensity at 6.85, 3.41, and 3.5 my wavelength, 
which is characteristic for the CHe-groups. The cyclization process for diiso- 
prene under the action of H:S has been observed by Naylor®. It can be as- 
sumed that the reaction has a polar mechanism as proposed by Bateman’ et al., 
and develops stepwise on a molecular chain, since each cycle formation is 
accompanied by splitting-off of active sulfur, which can react with the neigh- 
boring double bonds of the same molecule. 

The process of reaction is rather changed if the rubber solution, containing 
MBTS, is preirradiated by daylight or ultraviolet light. In this case the inter- 
action with hydrogen sulfide is followed by rapid gelatinization of the solution. 
The vulcanizate contains a smaller quantity of sulfur (ca. 0.6%), but the latter 
is homogeneously distributed throughout the rubber. In contrast to the re- 
action of MBTS and H.S in the dark, which has a bimolecular mechanism, the 
interaction of these compounds in a solution of rubber activated by action of 
light has features of a radical process. The length of irradiation is of sub- 
stantial importance. Figure 2 shows the zone of gel formation. 
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Fic, 2.—Gel formation in rubber solution due to action of H2S in relation to the 
length of preirradiation period by ultraviolet light. 
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Fia. 3 —The dependence of the degree of crosslinking of 1,4-structure content in rubber. 


The simplest explanation of the vulcanizing effect observed in this case is by 
assuming that a photochemical dissociation of MBTS to benzothiazoly] sulfide 
radicals takes place: 

Ny gn, YN 
/ Y 3 Y ‘* Fa . 
C;H, css —C C.H, =  2C.H, C—S* 
ee <u 
\g \g/Z N\g/ 





Here and after the benzothiazolyl sulfide radical is written in the thiol form, 
which is correct only for high temperatures. Nothing would be changed, if 
the thione form were used in writing the equations. These radicals accept 
hydrogen from the a-methylene groups of the rubber chain. Polymer radicals 
formed during this process interact between themselves and sulfur and form 
the spatial net of the vulcanizate. The fact of the photochemical decomposi- 
tion of hydrogen sulfide to radicals has been mentioned several times in the 
literaturet. The system benzoyl! peroxide + HeS, which does not lead to gel 
formation, causes vulcanization in an analogous way, if phenyl-2-naphthylamine 
is added to the rubber solution. Oxidation of the latter by benzoyl! peroxide 
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Fic, 4.—The change in benzothiazoly] disulfide (1), mercaptobenzothiazole (2), and 
bound sulfur (3) content in per cent of initial MBTS, 
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proceeds through free radicals, which are able to react with rubber. In this 
way vulcanization (crosslinking) is observed, if in the system there occur radi- 
‘als which can form polymer radicals on interaction with rubber. The principal 
role in this case, as shown by Farmer’, is by the reaction in which a-methylene 
groups of rubber chains occurs. 

Therefore in vulcanization of butadiene polymers of different relative con- 
tents of 1,4 and 1,2 structures, the degree of crosslinking as determined by the 
change of equilibrium modulus, AFZ/AS, increases linearly with the increase of 
1,4-structure content (Figure 3). Some of the most reliable data, confirming 
the radical mechanism of vulcanization, have been obtained during investiga- 
tion of the interaction of rubber with disulfides and sulfene amides®. Benzo- 
thiazolyl disulfide vuleanizes rubber at 143°. No elementary sulfur is liber- 
ated in this case. Here MBTS is partially reduced to mercaptan and partially 
adds to rubber in the form of benzothiazolyl sulfide radicals (Figure 4). The 
content of the latter in rubber has been determined as bound sulfur and nitro- 
gen, and the fact itself of the presence of corresponding groupings in the vul- 
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Fic. 5.—Kineties of isotopic exchange of vulcanizate with benzothiazolyl disulfide. 


canizing reagent has been confirmed by the isotope interchange of the vulcani- 
zate with radioactive benzothiazolyl disulfide containing S* in the disulfide 
bond (Figure 5). The ability of MBTS to decompose in the temperature range 
of vulcanization to free radicals is confirmed by initiation of isoprene polymer- 
ization by thiscompound. At the same time salts and esters of the latter show 
no such effect. The action of benzothiazolyldiethylsulfenamide was investi- 
gated by us in some detail. In this case vulcanization is accompanied by mu- 
tual addition of sulfenamide radicals and formation of diethylamine and mer- 
captobenzothiazole (Figure 6). Thus, on heating, decomposition occurs: 








Ps N \ JOs 4 Ny Jos 
CoH C—S—N CH, Ci + *N 
s¥ \CHs \s/ Nou: 


Both radicals, on the one hand, accept hydrogen from the rubber chains and, 
on the other hand, join the radicals of the latter. The crosslinking process 
(vulcanization) follows a scheme analogous to that explained above for benzo- 
thiazolyl disulfide. An identical mechanism has been also assumed by Scheele 
and others for the case of rubber vulcanization by tetramethylthiuram disulfide’. 
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Fia. 6.—Kinetics of addition of benzothiazolyl disulfide (1) and formation of mercapto- 
benzothiazole (2) in the system rubber-benzothiazolyl diethylsulfenamide. 


The cause of vulcanization by a source of radicals leading to extensive cross- 
linking seems to be above all the interaction between sulfur and the accelerator. 
It was found that addition of sulfur proceeds in parallel with the addition of 
accelerator to rubber (Figure 7); (compare RuBBER CHEM. & TECHNOL. 31, 
350 (1958), Ed.). 

Investigation of the molecular weight changes (light scattering) and cal- 
culation of the number of crosslinks from the equilibrium modulus of vulcani- 
zates permits the conclusion that each addition of a benzothiazoly] sulfide radi- 
cal is accompanied by 0.6—2.7 additions of elementary molecular rubber chains. 
All these data allow us to propose the following scheme for the interaction of 
benzothiazoly! disulfide with rubber during vulcanization: 
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The scheme does not exhaust all possible interactions. Particularly the inter- 
action of benzothiazolyl sulfide radical with double bonds should be kept in 
mind. The crosslinking process can proceed as the result of mutual addition 
of two polymer radicals formed on splitting off of hydrogen from a-methylene 
groups. The presence of C—C bonds formed between rubber chains according 
to the above schemes is confirmed by the fact that vuleanizates obtained with 
benzothiazoly! disulfide without sulfur have thermal stability approaching that 
of vulcanizates obtained by the action of nuclear radiation. For instance, the 
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Fra. 7.—Kinetics of addition of mereaptobenzothiazole (1 and 3) and sulfur (2) 
during vulcanization of 143°. 


kinetic constant of relaxation of tension calculated by a first order equation for 
heating at 130° in a nitrogen atmosphere is K = 9 X 10-*/min for the first 
case and K = 6 X 10-*/min for the second case. At the same time the corre- 
sponding value for a sulfur vulcanizate containing sulfidic crosslinks® is higher 
by a factor of 2. 

The symmetrical decomposition of benzothiazolyl disulfide according to this 
scheme is evidently not the only possibility. In a number of experiments with 
disulfide containing S*, it was found that the activity of sulfur in a vulcanizate 
and of the sulfur found in the acetone extract are different. These observations 
require the assumption of an assymmetrical decomposition according to the 
following equation: 
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The vulcanizing action without the use of sulfur is also found with sulfen- 
amide derivatives’ of mercaptobenzothiazole and of dithiocarbamie acid. 

The reactions are conjugated; the addition of accelerator to rubber is prac- 
tically terminated as soon as sulfur is exhausted and is again resumed if a new 
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Fig. 8.—The dependence of kinetic constants of sulfur addition on 
mercaptobenzothiazole concentration. 
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Fic, 9.—The spectrum of benzothiazolyl disulfide (1) and of decomposition 
products of mercaptobenzothiazole (2). 


portion of sulfur is introduced into the vulcanizate by means of diffusion by 
swelling in a solvent which contains elementary sulfur (Curve 3 in Figure 7). 

The kinetics of sulfur addition are expressed by a first order equation, whose 
kinetic constants depend linearly on the concentration of mercaptobenzothi- 
azole (Figure 8). It is seen from Figure 7, that 1 gram-mole of added accelera- 
tor activates approximately 6 gram-moles of sulfur. Comparing the kinetic 
data on accelerator addition with the values for the maximum swelling of the 
vulcanizate shows that in the main period of vulcanization there occurs approxi- 
mately four crosslinks for each addition of accelerator. 

Intermediary compounds formed by the interaction of sulfur and mercapto- 
benzothiazole under the conditions of vulcanization are polysulfides of the 
composition: 


Ny 
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They were isolated as well as from the melt of sulfur and MBT after heating 
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Fia. 10.—The activity change of products of decomposition of 
mercaptobenzothiazole during vulcanization time. 
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in a tube at 140°, as well as from natural rubber vulcanized in a press. The 
spectra’ of these compounds contain a characteristic absorption maximum for 
polysulfides in the region of 330 my (Figure 9). The sulfur content in the 
intermediary compound during individual stages of vulcanization is valuable 
and passes through a maximum, which was found analytically and by the iso- 
tope exchange with radioactive sulfur (Figure 10). The maximum content of 
added sulfur in the intermediary benzothiazolyl hydropolysulfide is x > 3. 
The data found permit the following scheme for the main direction of the re- 
action to be proposed: 


DY Ny 
CsH, C—SH + 8, ———]/C.H, C—SH...S, |] — 
\g/ \g/Z 


Ny Ny 
CH, C—S* + HS,* ——> C,H, C—S.H +S. 
\g/ \9/ 
II III IV 


Benzothiazolyl sulfide (I) and persulfhydril (II) radicals are stabilized by 
conjugation. In this way their formation is energetically advantageous. Their 
mutual recombination leads to the formation of benzothiazolyl hydropolysul- 
fide (III) and the sulfur radical (IV) with variable sulfur content. 

It can be assumed that the formation of crosslinks between rubber mole- 
cules, which is characteristic for vulcanization, is due to radicals (1), (II), and 
(IV) in the following processes: 


(a) Benzothiazoly] sulfide radicals (I) react with rubber at the a-methylene 
group or at the double bonds as explained above. 

(b) Persulfhydril radicals (II) react at the double bond according to a mech- 
anism which is assumed to be valid for a radical process of interaction between 
hydrogen sulfide and mercaptans with unsaturated compounds’. 

(c) Polysulfidic biradicals (IV) link the molecule of rubber by direct inter- 
action with double bonds or by reaction with polymer radicals which are formed 
by the splitting-off hydrogen from the a-methylene group. 


The perhydrosulfide radical HS,*, generally speaking, contains a variable 
quantity of sulfur. In a number of papers! a special role is ascribed to HS* 
itself in vulcanization processes. If these assumptions are correct, then it is 
evident that the crosslinks of vuleanizates would contain no more than 2 sulfur 
atoms. However, experience shows that the sulfidic bonds of vulcanizates 
obtained with MBT and diphenylguanidine contain a substantially higher 
number of sulfur atoms. This is seen from data on the sulfur content in vul- 
canizates, which is able to enter into isotope exchange with elementary radio- 
active sulfur. Figure 11 shows that the total content of sulfur capable of ex- 
change changes during vulcanization time with a maximum. Simultaneously, 
the relative ability of exchange calculated per unit of bound sulfur falls monoton- 
ously. This means that at the start of the vulcanization, polysulfidic bonds are 
formed which gradually are regrouped into bonds containing less sulfur?"’. In 
the complex succession of elementary reactions which take place during vul- 
canization, the first step appears to be the interaction of mercaptobenzothiazole 
(and other accelerators) with sulfur and rubber. Therefore the rate of addition 
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Fra. 11.—The change of total content of exchangeable sulfur (1) and of relative 
exchangeability of bound sulfur (2) in vulcanizate. 


of sulfur, as already mentioned, depends linearly on MBT concentration 
(Figure 8). 

Analogous assumptions regarding the mechanism of vulcanization can be 
developed for sulfenamide accelerators and morpholine disulfide. However, 
it is necessary to concede that the discovery of actual mechanism of elementary 
mechanization processes requires further careful study. The reliability of 
assumed radical processes should be confirmed by objective physical methods, 
especially by means of paramagnetic resonance. 


SYNOPSIS 


Elementary sulfur which is produced as a result of the reaction between di- 
sulfides, peroxides, and H,8 does not cause the vulcanization of rubber. Vul- 
canization as a process of chemical crosslink formation occurs when this re- 
action proceeds with radical formation (light effect, redox systems). Disul- 
fides and sulfenamides cause the effect of vulcanization, passing through the 
stage of hydrogen separation from a-methylene groups and the formation of 
polymer radicals. Vulcanizing agent groups join rubber molecules during this 
process. This is confirmed by isotope exchange of the vulcanizate. Conju- 
gated reactions of the linking of sulfur and of accelerator to rubber occur in the 
presence of mercaptobenzothiazole and sulfur. Intermediate combinations of 
MBT and sulfur are produced. Monotonous drop of the ability of vulcanizate 
to exchange with elementary sulfur shows the importance of persulfhydril and 
polysulfide radicals in reactions of vulcanization. 


DISCUSSION 

J. Bentska (Bratislava): Does H.S participate in the vulcanization process? 

B. A. DoGapKINn (Moscow): The role of H2S in the process of vulcanization 
cannot be considered as important since the activation energy for the formation 
of H»S under the conditions of vulcanization is higher than the activation 
energy for the addition of sulfur to the rubber. Undoubtedly the radical HS° 
takes part in the formation of vulcanizing bonds. However, at the initial stage 
of vulcanization, isotope exchange studies indicated that there were polysulfide 
groups and therefore we think that a more important role is played by the poly- 
sulfide radicals HS,’. 
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EFFECT OF MERCAPTOBENZOTHIAZOLE ON 
RUBBER STRUCTURE DURING OXIDATION, 
HEATING AND MILLING * 


B. Docapkin, A. Dosromystova, L. SAPOZHKOVA, 
AND I. TuTorskit 


M. V. Lomonosov Institute oF Fine CHEMICAL TECHNOLOGY, Moscow, USSR 


Mercaptobenzothiazole (MBT, Captax) belongs to a class of compounds 
which, owing to presence of SH groups, are vigorous activators of rubber 
plasticization. 

The first report of the plasticizing action of mercaptans is contained in a 
paper by Williams and Neal!. Subsequently some of these compounds 2-naph- 
thy! thiol, xylyl mercaptan, etc.) were used in technological practice, designated 
as RPA (Rubber Peptizing Agents). This name shows that it was originally 
believed that the plasticizing action of these compounds consists of peptization 
of the structural formations in rubber. However our investigations showed 
that the acceleration of the plasticization process caused by mercaptans is 
largely the result of their influence on the interaction between oxygen and the 
rubber. Other authors* reached a similar conclusion. Our principal experi- 
mental data on the influence of MBT (mercaptobenzothiazole) on oxidation and 
plasticization of rubber are presented now but were obtained in 1942-1944 and 
are given in the reports of the M. V. Lomonosov Institute of Fine Chemical 
Technology, Moscow, and in L. Sapozhkova’s dissertation “Investigation of 
the Chemical Factors in the Plasticization of Rubber’? (Moscow, 1947). 

Effect of mercaptobenzothiazole on oxidation of natural rubber —There were 
no direct experimental data in the literature on the influence of mercaptans on 
the oxidation of rubber. We therefore carried out experiments on the kinetics 
of rubber oxidation in an apparatus of the Kohman type’, at atmospheric, 
approximately constant, oxygen pressure, by measurement of the volume of the 
gas absorbed. The rubber was placed in the absorption vessel in the form of 
films deposited from solution on glass plates. The films were 0.015—-0.02 mm 
thick. Figure 1 shows that addition of MBT significantly influences the 
oxidation of rubber, shortening the induction period and increasing the oxida- 
tion rate during the principal steady period. The apparent activation energy 
of oxygen absorption, calculated from data on the principal temperature over 
the temperature range of 100 to 120°, is ~17 keal/mole for pure rubber, and 
~12 keal/mole for rubber containing 1.55% MBT. 

Oxidation of rubber in presence of MBT results in a greater decrease of 
solution viscosity than that found for rubber without MBT (Figure 2). This 
viscosity decrease is caused by scission of the molecular chains in the rubber, as 
is shown by data on the molecular weight of the rubber, determined by the 
osmotic method’. Degradation of the rubber occurs mainly during the initial 
(induction) period, and after 3 hours of oxidation the average molecular weight 
already falls from 200,000 to 54,000 (Table I). A comparison of the molecular 


* Reprinted from The Colloid Journal, Vol. 19, pages 425-433 (1957); a translation by Consultants 
Bureau, Inc. of Kolloid, Zhur. 19, 421-429 (1957). L. Sapozhkova is deceased. 
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Fig. 1.—Kinetics of oxidation of rubber at 100°; 7) without MBT;; 2) with 0.31% MBT; 
3) with 0.78% MBT; 4) with 1.55° > MBT. 


weight determined by the osmotic method (M,) with the value calculated from 
viscosimetric data (M,) indicates that the chain configuration remains prac- 
tically unchanged during oxidation in presence of MBT. Therefore MBT not 
only accelerates the oxidation of rubber but favors preferential scission of the 
molecular chains without any appreciable secondary processes of structuriza- 
tion. This is seen particularly clearly in examination of curves showing the 
relative decreases of viscosity and molecular weight (Figure 3) as functions of 
the amount of oxygen absorbed. 

The accelerating effect of mercaptans on oxidation of unsaturated com- 
pounds has not been adequately considered or studied experimentally. Ziegler’s 
paper® merely mentions that oxidation cf benzodimethylfulvene is accelerated 
in presence of thiophenol. 

In our opinion, MBT may act by the following mechanism. At high enough 
temperatures a reaction occurs with formation of HO,* and RS* radicals: 


RSH + O, — RS* + HO,* 


Interaction of RS* radicals with a-methylene groups in the rubber molecule 
(KaH) results in regeneration of the mercaptan and formation of a polymeric 
radical (Ka*) which initiates an oxidation chain: 


RS* + KaH — RSH + Ka*; Ka* + O2. > KaOO*™, et 
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Fig. 2.—Variation of the viscosity of rubber solutions as the result of oxidation: 
1) without MBT; 2) with 1.55% MBT. 
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TABLE I 
CHANGE OF MOLECULAR WEIGHT OF RUBBER ON OXiDATION 
Rubber My Mo Mo/M>e 


Smoked sheet before 106,000 200,000 1.8 
oxidation 

After oxidation for 33,000 54,000 1.6 
3 hours at 120° 


The HO,* radical probably reacts with the double bond to form a hydro- 
peroxide group, subsequent decomposition of which results in formation of an 
epoxide group and oxygen in active form. 

The possibility is not excluded that the oxidation may be accelerated by an 
oxidation chain transfer mechanism as the result of direct interaction of per- 
oxide radicals with MBT: 


Ka00*+RSH—Ka00H +RS*; RS*+KaH—RSH + Ka*; Ka*+0.—Ka00O* 


Effect of mercaptobenzothiazole on thermal decomposition of rubber on heating 
in solution.—The possibility of the thermal degradation of the molecular chains 
of natural rubber has been often discussed. Bolland® showed that no structural 
changes occur in solid purified rubber heated in a vacuum at temperatures up 
to 200°. We obtained similar results’ in experiments with sodium butadiene 
rubber heated to 200°. Later, Watson’, as the result of experiments in which 
natural rubber containing 0.25°% of oxygen dissolved in chlorobenzene was 
heated at temperatures up to 120°, concluded that there is a possibility of 
purely thermal decomposition of the natural rubber molecules, containing a 
special type of weak bonds, the concentration of which is one bond per 1.3-104 
monomer units. 

The procedure used by Watson was similar to that used by us in earlier 
experiments, in which we also found appreciable changes in the viscosity of 
rubber solutions heated to 100° in a nitrogen atmosphere. As we considered 
that the procedure used did not ensure complete removal of oxygen from the 
system (see L. F. Sapozhkova’s dissertation, the Lomonosov Institute of Fine 
Chemical Technology, Moscow, 1947), we worked out a method whereby the 
action of oxygen was excluded to a greater extent when the rubber solutions 
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Fic. 3.—Variation of the viscosity (/, 2) and molecular weight (3, 4) of rubber with the amount 
of oxygen absorbed: /, 3) rubber without MBT; ; 2, 4) rubber with 1.55% MBT. 








MERCAPTOBENZOTHIAZOLE 


to pump 


Bulb 1 


Fig. 4.—Tube with ball for determining viscosity of rubber solutions. 


were heated. The glass apparatus, shown diagrammatically in Figure 4, was 
repeatedly evacuated and filled with pure nitrogen in the heated state. A 
weighed quantity of MBT was then introduced into the bulb 2, followed by 
redistilled benzene saturated with nitrogen. The bulb 1, which contained a 
stainless steel ball 4 mm in diameter, was filled with 2% solution of purified 
rubber, all the purification stages of which (extraction, solution, reprecipitation 
and drying) were performed in a special apparatus in a nitrogen atmosphere. 
The apparatus was connected to a pump; after some of the benzene had been 
pumped out of bulb 2 the remaining benzene was frozen, while the benzene in 
bulb 1 was pumped out completely on heating to 35-45°. The residual pressure 
was 3-4 mm. The apparatus was then again filled with pure nitrogen, the 
benzene in bulb 2 was poured over into bulb 1, and this bulb was then sealed off; 
the rubber in it was dissolved in the benzene, and the solution was heated to 
100° in a thermostat. Structural changes in the rubber were characterized by 
the relative change of viscosity, calculated by the equation (75 — 71)/To, 
where 7’) is the time for the ball to roll (between two marks on the bulb) 
before heating, and 7), the time after heating. The bulb was fixed at a definite 
angle to the horizontal (Figure 5). 
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Fic. 5.—Apparatus for determination of viscosity from the time of rolling 
of a ball in rubber solution. 
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TABLE II 
CHANGES IN THE Viscosity OF RUBBER SOLUTIONS ON HEATING 
AT 100° IN A NITROGEN ATMOSPHERE 


Solution withor it MBT Solution with 1.55% MBT 





Duration of : a“ m, _ mm. 
heating, To—-T1 To—Ti 
minytes To T sec T° 

0 63 0 


0.18 51 
52 


Table II shows that very little change of solution viscosity is produced by 
heating to 100°, and MBT does not increase thermal degradation of the rubber. 
These viscosity changes are reversible; if the solutions are kept in the dark at 
room temperature the viscosity gradually increases and in 100 hours already 
returns to practically its original value (Table III). From this it may be con- 
cluded that the viscosity decrease in rubber solutions heated to 100° is to be 


TABLE III 


RESTORATION OF VISCOSITY ON STORAGE OF SOLUTIONS IN THE 
Dark AT Room TEMPERATURE 
Viscosity Viscosity after 
Initial vis- after heat- storage for 


2% rubber cosity in ing at 100°, $$ 
solution seconds in seconds 48 hours “100 hours 


Without MBT 67 53 63 64 
With MBT 63 50 59 60 


explained by deaggregation of secondary structural formations in the rubber, 
which may be associated with the presence of oxygen-containing functional 
Thermal dissociation of the rubber molecules 
into free radicals evidently does not occur on heating to 100°, since mercapto- 
benzothiazole and other free radical acceptors do not influence the course of the 
reversible thermal change of solution viscosity. 


groups in the rubber molecules. 
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Fic. 6.—Plasticization kine otic s of natural rubber at 120° (a), at 150° 
MBT;; 2) in air with 1.55% MBT; 8) in nitrogen without MBT; 4) in nitrogen with 1.! 
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Fic. 7.—Viscosity variations in plasticization of natural rubber at 100° 
(designations as in Figure 6). 


Effect of mercaptobenzothiazole on plasticization of natural rubber.—The 
experiments on plasticization of rubber were first performed in a specially con- 
structed closed mixer with Z-shaped blades rotating at 24 and 30 revolutions 
per minute’. Two cocks fitted in the airtight lid were used for evacuation of 
the mixer and for admission of the required gas (nitrogen, air, nitrogen-oxygen 
mixture) after the rubber had been put in. The mixer was electrically heated; 
the temperature in the range of 50—-175° was regulated to the nearest +2.5°. 
Nitrogen was made free of oxygen by passing it over copper gauze at 475- 

Figure 6 represents the plasticization kinetics of natural rubber in nitrogen 
and in air at 120°. In both cases MBT increases the rate of the process, and 
is more effective in plasticization in air. Similar results were obtained in ex- 
periments at 100 and 150°. It is important to note that the temperature co- 
efficient of plasticization of rubber in a nitrogen atmosphere (without MBT) is 
negative and at 150° practically no plasticization occurs. Structural changes 
in the rubber are characterized by the viscosity variation curves shown in Figure 
7. It is seen in Figure 7 and also in Table IV that mereaptobenzothizaole has 
a strong effect in decreasing the average molecular weight of the plasticized 
rubber. Thus MBT is involved both in thermo-oxidative and in mechanical 
processes of rubber degradation during mastication. In the latter case the 
mechanism of its action is probably in accordance with the views advanced by 
Pike and Watson" and other authors. 


TABLE IV 


VARIATION OF THE MoLecuLAR WEIGHT OF RUBBER 
IN PLASTICIZATION 
Plastici- 
zation 
time in 
Material studied minutes Plasticity 
Original rubber 0.08 
Rubber plasticized 30 0.65 
in air 
Ditto, in nitrogen 0.10 
Rubber plastic ized 15 0.67 
with 1.55% MBT 
in air 
Ditto, in nitrogen 60 0.44 
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Fic. 9.—Variation of the intrinsic viscosity of NR during mastication: 1) in air; 
2) in nitrogen containing 0.5% Oz2; 8) in nitrogen. 


As has just been stated, mechanical degradation of the molecular chains 
during plasticization has a negative temperature coefficient. For a clearer 
determination of the role played by MBT in mechanical plasticization of rub- 
ber, experiments were performed (in 1955) at temperatures not exceeding 30°. 
Specially designed micro-rolls fitted in a ‘‘nitrogen”’ closet (Figure 8 unfortun- 
ately not clear enough for reproduction) were filled with the required gas (nitrogen, 
argon, air). The inert gas was passed through the closet until the exit gas was 
free from oxygen (cuprammonium solution was used as indicator). To prevent 
leakage of air into the closet, excess gas pressure was used. Cooling was 
effected by circulation of water through the hollow rolls. Natural rubber 
(smoked sheet), previously extracted with cold acetone in a nitrogen atmos- 
phere, and several synthetic rubbers of different structures were used. 

Figure 9 shows that at 30° the plasticization of rubber, as measured by 
change of intrinsic viscosity, is more rapid in air. MBT is found to combine 
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Fria. 10.—Kinetics of MBT addition during mastication of NR: /) in air; 
2) in nitrogen containing 0.5% Os; 8) in nitrogen. 
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Fig. 11,—Kinetics of MBT addition during mastication of NR in air. The numbers 
represent the amounts of MBT introduced (in %). 


with the rubber (Figure 10), more rapidly in air than in nitrogen. This addi- 
tion proceeds by a more complex mechanism than that of a simple bimolecular 
action, as shown by the consumption of MBT as a function of the concentration 
(Figure 11). The type of rubber has a significant influence both on the 
plasticization rate and on the addition of MBT. Table V shows that, for a 
given plasticization time, the amount of MBT added to the rubber increases 
with increasing contents of 1, 4 structure in its molecular chains. Addition of 
MBT occurs also in plasticization of polyisobutylene, which does not contain 
double bonds in its molecules (Figure 12). 

To elucidate the mechanism of the addition of MBT to rubber during 
mastication, a study was made of the distribution of the combined MBT be- 
tween fractions of different molecular weight in the rubber. 

Natural rubber, extracted with cold acetone in a nitrogen atmosphere, was 
masticated for 20 minutes on cold rolls with addition of 1 part by weight of 
MBT, tagged with radioactive S®* in the sulfhydryl group. The masticated 
product was fractionated by the method of A. 8. Novikov and F. 8. Tolstu- 
khina. Methyl alcohol was added dropwise with stirring to 1% solution of rub- 
ber in benzene at 35° until the solution became turbid. The temperature of 
the solution was then raised by 2—3° until it became quite clear, and the solution 
was stirred for 1 hour at that temperature. The temperature was then again 
lowered to 35°; the solution was held at that temperature for 24 hours until the 
liquid above the precipitated fraction became quite clear. The liquid was de- 
canted off, and the precipitated fraction was purified by threefold precipitation 


TABLE V 


Brnpinc oF MBT sy Rupsers or DIFFERENT STRUCTURE 
DurinGc MaAstTIcATION FOR 20 MINUTES IN AIR 


Type of Content of MBT bound 
rubber 1, 4 structures MBT;.. 
NR 100 0.48 
SKBM 70 0.25 


SKB 30 0.11 





192 RUBBER CHEMISTRY AND TECHNOLOGY 


48 


06 


a 


bound MBT,% 


02 





“0 20 KH WO S50 60 
mastication time, min 


Fic, 12.—Kinetics of MBT addition during plasticization of polyisobutylene: 
1) in air; 2) in nitrogen. 


by methyl alcohol from benzene solution. Phenyl-2-naphthylamine was added 
each time to the solution. The isolated fraction was then dried under vacuum 
until the solvent was completely removed, dissolved in benzene, and analyzed 
for MBT by the radiometric method, the radioactivity of the film being deter- 
mined. The intrinsic viscosities of benzene solutions of the fractions were 
determined. 

The results obtained are given in Table VI. Table VI shows that the 
amount of combined MBT increases considerably (up to a certain limit) with 
decreasing molecular weight of the fractions. This shows that there is a direct 
connection between the reactions of mechanical degradation of the rubber 
molecules and of MBT addition. The lower MBT content of the last fraction 
can be attributed to the fact that this fraction contains the low molecular 
portion of the original rubber, which is less prone to mechanical degradation 
under shearing stresses. 

From the results given in Table VI, and from the fact that during mastica- 
tion MBT combines with saturated polyisobutylene, while in the case of un- 
saturated compounds the addition of MBT increases with increasing contents of 
diallyl bonds of 1, 4 structure, the following mechanism can be postulated for 
the addition of MBT to rubber during mastication in an inert gas atmosphere. 
When the mechanical strains arising along the elastomer chains in a field of 
large shearing forces exceed the energy of the =CH—CH, | CH,—CH= 
chemical bond, which is approximately 40 kcal/mole, these bonds are broken 


TABLE VI 
ContTEeNtTs OF MBT 1n DirrerentT Fractions oF MasticaTED RUBBER 


Precipita- Average radi- Amount of 
tion tem- ation activity combined 
perature, Weight of with background MBT in 
Fraction no. Cc fraction, g (n) correction I:/To moles/liter X10? 
Not fractionated -- 23 12.0 546 1 . 

l 35.3 6 27 29 0.0531 3.21 

2 26.7 7 24.5 50 0.0915 5.45 

3 20.4 5 10.2 60 0.11 6.22 

4 9.5 3 8.0 39 0.0715 4.28 
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to give stable polymeric radicals of the allyl type: 
) ee CH; CH; CH; 
| | | 
R,—C=CH—CH:,—CH.—_C=CH—R:2—R:#—-C=CH—CH.* + *CH,—_C=CH—R; 


These radicals react with MBT molecules, saturating their free valencies; 
this prevents their recombination and causes a sharp decrease of molecular 
weight: 


~ ” CH; 
R,—C=CH—CH.* YN R,—C=CH—CH; 
+CeH, C—SH— N 
R.—CH=C—CH.* Nee VA 
| S R,CH=C—CH,—S—C CoH, 
CH; 
CH; Ss 


The benzothiazoly] thiyl radical 
N 
w 
YN 
C.H, C—S*, 
S 
formed by removal of an H atom from the MBT molecule, does not initiate a 
new chain by addition at a double bond in the rubber molecule or removal of 
an H atom from an a-methylene group, as is the case when rubber is heated with 
dibenzothiazolyl disulfide’. Recombination of the benzothiazolyl and poly- 
meric radicals is more advantageous from the energy standpoint. Moreover, 
the polymeric radicals formed by mechanical rupture of the macromolecules 
cannot be removed far apart owing to the high viscosity of the medium, so that 
the topochemical conditions also favor addition of MBT to two polymeric 
radicals. 
SUMMARY 


1. Mercaptobenzothiazole (MBT) accelerates the oxidation of natural rub- 
ber and considerably increases the rate of its oxidative degradation. 

2. When benzene solutions of natural rubber are heated in an inert gas 
atmosphere at 100°, no irreversible changes occur in the rubber whether in 
presence or in absence of MBT. 

3. Plasticization of natural rubber in air at 100—150° is intensified in pres- 
ence of MBT, which is caused mainly by the accelerating action of the latter on 
the oxidative degradation of rubber. 

4. Mercaptobenzothiazole assists plasticization of rubber at low tempera- 
tures in an inert gas atmosphere. MBT is consumed in the process, owing to 
its interaction with the polymeric radicals formed by mechanical rupture of the 
rubber molecules. 

5. The amount of MBT reacting with the rubber increases with increasing 
contents of 1, 4 structure in the rubber molecules. 

6. It is shown that different fractions of the masticated product contain 
different amounts of MBT, indicating that MBT reacts preferentially with the 
end valencies of the radicals formed by cleavage of diallyl bonds. 

7. Reaction schemes for the interaction of MBT with rubber in mechanical 
and oxidative processes are suggested. 
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VULCANIZATION OF HARD RUBBER * 


A. S. Kuzminskii anp L. V. BorkKova 


Hard rubbers are widely used in the battery, chemical, electrical and radio 
industries. The valuable industrial properties of hard rubbers (high electrical 
resistance, high mechanical strength, thermal stability', chemical stability, 
etc.) are directly related to their structure, which is formed in the vulcanization 
process. A specific scale of properties sharply differentiates hard rubbers from 
soft vulcanizates and plastic materials. 

In spite of the great industrial significance of hard rubbers, the vulcanization 
of these has not been at all adequately studied. The data found in the litera- 
ture on the vulcanization of hard rubbers is so diverse in character and so con- 
tradictory that it is not possible to develop from this a complete conception of 
this important process’. 

In undertaking the present research we have tried to establish the basic 
relations between the parameters of vulcanization and the mechanical proper- 
ties of hard rubbers. We have intentionally omitted any consideration of the 
electrical and chemical properties of hard rubbers, which are of interest in 
themselves. 

The materials chosen for testing were hard rubbers based on the butadiene- 
styrene rubber SKS-30. For comparison, spectra of hard rubbers based on 
SKB (polybutadiene rubber) and natural rubber were also studied. The study 
of the properties of hard rubber was made at different stages of vulcanization. 


THE CHANGE IN THE UNSATURATION OF RUBBER IN THE PROCESS OF 
HARD RUBBER VULCANIZATION 


The literature confirms the concept of hard rubber as a completely saturated 
product. Only in a few separate works have doubts been expressed as to the 
possibility of such an extensive conversion of polymers’*. 

The present work studies the change in the unsaturation of rubber in the 
vulcanization process by way of the change in the absorption coefficient of hard 
rubber films at various stages of vulcanization. The infrared absorption 
spectra of hard rubbers vulcanized at various temperatures (150-190° C) and 
containing different amounts of sulfur (from 30 to 50 phr) were made on the 
infrared spectrophotometer UIKS-4 with the absorption recorded photo- 
graphically in the wavelength region corresponding to double bonds. 

The absorption coefficient K was calculated by the Bouguer-Lambert-Beer 
equation‘ 

Ku ii 
de I 
where d is the thickness of the sample in cm; ¢ is the portion of rubber in the 
hard rubber by volume; Jo is the intensity of the incident light (taken as 100%) ; 
and J is the intensity of the transmitted light. 


an Translated for RusBER CHEMISTRY AND TECHNOLOGY by Malcolm Anderson from Kauchuk i Rezina, 
Vol. 16, No. 1, pages 14-22 (1957). The original gives no address of the authors. 
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Fig. 1 The change in the unsaturation of hard rubbers in the process of vulcanization at various tem- 
peratures. Composition of the hard rubber: 100 parts SKS-30 by weight, 40 parts sulfur. /—at 150° 
2—at 170°; 3-——at 190° C. Solid line: change in unsaturation among the double bonds of the prineipal 


chain. Broken line: change in unsaturation among the double bonds of the vinyl side groups. The 
abscissa represents the vulcanization time in hours, the ordinate the unsaturation of the hard rubber in 
per cent of the unsaturation of the raw rubber. 


The unsaturation of the vulcanized rubber has been arbitrarily designated 
as 100°. The unsaturation of hard rubber at various stages of vulcanization 
was determined in per cent of the unsaturation of the original rubber; i.e., the 
relative change in unsaturation was studied. The thickness of the hard rubber 
film was 30-70 yw, and the deviation in thickness was not in excess of 2-4% 
Reproducibility of results was within the limits of 5-10% 
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Fig, 2.--Change in the saturation of hard rubbers in the process of vulcanization at 170° C. 1. Com- 


position of the hard rubber: 100 parts SKB, 40 parts sulfur; change in unsaturation among the 

double bonds of the principal chain; change in unsaturation among the double bonds of the vinyl 

side groups. 2. Composition of the hard rubber: 100 parts natural rubber, 47 parts sulfur; - - — - change 
Ha 

in unsaturation among the double bonds in the —-C—=CH— group; —change in the quantity . of 


double bonds formed. The abscissa represents the vulcanization time ¢in hours, the ordinate the unsatura- 
tion A of the hard rubbers in per cent of the unsaturation_of the raw_rubber. 
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Figures 1, 2 and 3 show the kinetics of the change in the unsaturation of 
rubbers in the process of hard rubber vulcanization. An analysis of the data 
presented shows that by the time the sulfur is completely combined, regardless 
of its initial concentration, the hard rubber still contains a substantial number 
of double bonds. Double bonds in the vinyl side-groups are consumed at a 
much more rapid rate than the double bonds in the principal chain. From this 
fact alone one cannot, of course, draw any conclusion as to the effect of the 
position of double bonds in the rubber molecule upon their reactivities. 

Infrared absorption spectra reflect the gross effect in the change in unsatura- 
tion of rubbers, since in the vulcanization process double bonds are being not 
only consumed but formed as well. In fact, as Figures 1, 2 and 3 show, a de- 
crease in unsaturation is exhibited only in the early stages of vulcanization, 
while there is still free sulfur present in the system. Further vulcanization 









































100 
80 
" 
60 
1 
40 z / 
Ty 2° 
at re >. 
2@i\}——— enna ie a 
J $ ! 


0 U r4 sé 


Fig. 3.—Change in the unsaturation of hard rubbers in the process of vulcanization at 170° C. Com- 
position of hard rubbers: /—100 parts SKS-30 by weight, 40 parts sulfur; 2—100 parts SKS-30 by weight, 
50 parts sulfur; 3—100 parts SKS-30 by weight, 30 parts sulfur. Change in unsaturation among the 
double bonds of the principal chain; change in unsaturation among the double bonds of the vinyl 
side groups. The abscissa represents the vulcanization time ¢ in hours, the ordinate the unsaturation A of 
the hard rubbers in per cent of the unsaturation of the raw rubber. 


causes a considerable increase in the unsaturation of the hard rubber, however. 
With an increase in vulcanization temperature the unsaturation progressively 
increases, reaching 50% at 190° C. 

In the spectrum of hard rubbers formed from natural rubber, the absorption 

CH; 

C=CH 
appears during vulcanization, but a new band appears at 10.4 uw which is likewise 
characteristic of double bonds. Hence when hard rubbers based on various 
raw rubbers are vulcanized they show a tendency toward the consumption as 
well as the formation of double bonds. 

Experiments in the thermal vulcanization of rubbers in the absence of sulfur 
have shown that no formation of double bonds is observed in this case. Thus 
the increase in unsaturation is specific for sulfur hard rubbers. 

Figure 1 shows that with an increase in vulcanization temperature the rate 
and range of the rise and fall in unsaturation also increase, and hence the 


band at 11.9 uw, corresponding to double bonds in the groups, dis- 
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minimum on the curve is shifted toward the origin. The initial sulfur con- 
centration, as Figure 3 shows, has no substantial influence on the rate of the 
change in unsaturation during vulcanization and on the character of the 
kinetic curves. 

One must note that the sulfur loading which we used (30-50 phr) is con- 
siderably in excess of the solubility® of sulfur in rubber at 150-170° C. Under 
these conditions a part of the sulfur remains in a dispersed condition. As the 
sulfur is combined by the rubber, the solution is replenished by dispersed sulfur. 
Thus a constant sulfur content is maintained during the vulcanization process, 
and hence the reaction rate does not depend on the initial sulfur loading. 

The activation energy of the process of hard rubber vulcanization, calcu- 
lated from the relation of temperature to loss in unsaturation, equals 23 kcal/ 
mole while the activation energy of the vulcanization of soft rubber reaches 
30 kcal/mole. The lowering of the energy barrier may be due to the large 
specific reaction rates of the secondary reactions of the combination of sulfur 
with the sulfur links already formed®. These reactions take place considerably 
more easily than the primary combination of sulfur with rubber. It has 
actually been shown with the aid of radioactive sulfur that polysulfide links 
containing up to 25 atoms of sulfur are formed in the first stages of the vulcaniz- 
ation of hard rubber. 


THE CHARACTER AND CONCENTRATION OF THE SULFUR 
LINKS FORMING THE SPATIAL (THREE-DIMENSIONAL) 
STRUCTURE OF HARD RUBBERS 


The principal part of this work is devoted to a clarification of the structural 
characteristics of hard rubbers formed in the vulcanization process. Among 
the numerous reactions which take place during vulcanization, one must dis- 
tinguish those which bring about a formation of crosslinks and an intramolecu- 
lar combination of sulfur. The rate of the formation of crosslinks was traced 
through the change in equilibrium modulus‘, since the equilibrium stresses in 
vulcanizates are proportional to the number of chemical “‘bridge”’ links’. 

The experiments were carried out in a Polanyi dynamometer at 130° C in 
an atmosphere of air. At the above temperature the hard rubber is in an 
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_ Fia. 4.—Relation of stress to deformation in a hard rubber vulcanized for 1 hour at 190° C. Composi- 
tion of the hard rubber: 100 parts SKS-30 by weight, 40 parts sulfur. Temperature of test, 130°C. The 
abscissa represents the deformation ¢ in per cent, the ordinate the equilibrium stress value ¢ in kg/cm?. 
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Fia. 5.—Curves of stress relaxation as a function of vulcanization time in a hard rubber vulcanized at 
170° C. Composition of the hard rubber: 100 parts SKS-30 by weight, 40 parts sulfur. Test period: 1— 
after 1 hour; 2—after 2 hours; 83—after 5 hours; 4—after 30 minutes. The abscissa represents vulcanization 
time ¢ in hours, the ordinate stress f in kg/cm?. 


elastic state, intermolecular interactions are only slightly evident and, con- 
sequently, the equilibrium stress is quickly reached. The hard rubber samples 
are elongated 2-4%, since it has been found that the relation between stress 
and deformation conforms to the Hooke law within the limits given. 

Figure 4 shows the relation between stress and deformation in a hard rubber 
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Fie, 6.—Change in the “equilibrium modulus”’ value in the process of hard rubber vulcanization at 
various temperatures. Composition of hard rubber: 100 parts SKS-30, 40 parts sulfur. 1—at 190°; 
2—at 170°; 3—at 150° C. The abscissa represents the vulcanization time ¢ in hours, the ordinate the 
“equilibrium modulus” F, in kg/cm?. (Nore: In this and the next figure the symbol of the ordinate 
should be £,,.) 


Fic. 7.—Change in the ‘equilibrium modulus"’ value in the process of hard rubber vulcanization at 
170° C. Composition of hard rubber: 100 parts SKS-30 by weight and—1—40 parts sulfur; 2—50 parts 
sulfur; $3—30 parts sulfur. The abscissa represents the vulcanization time in hours, the ordinate the 
“equilibrium modulus” Z,, in kg/cm?. 
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vulcanized 1 hour at 190° C (determined at an experimental temperature of 
130°C). The calculation® of the‘‘equilibrium modulus” value is made with the 
equation: 

a 


where a is the true stress for a given deformation (o = Af); f is the arbitrary 
equilibrium stress; A is the relative length, or multiple of elongation; and E,, is 
the “equilibrium modulus” of elasticity. 

The value f is determined by the extrapols ition of the linear portion of the 
curves of stress relaxation to the stress axis (Figure 5). As the figure shows, 
these curves are similar in character to the curves of stress relaxation in soft 
vulcanizates’. 

Figures 6 and 7 present curves of the change in the “equilibrium moduli” 
of elasticity of hard rubber in the process of its vulcanization. The kinetics of 
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Fig. 8.—Change in the structure and properties of hard rubber in the process of vule anizé ation at 170° C. 
C omposition of hard rubber: 100 parts SKS-30, 40 parts sulfur. 1—Unsaturation; 2—‘‘equilibrium modu- 
lus’’; 3—combined sulfur content; 4—tensile strength; 5—per cent elongation at break. The abscissa 
represents the vulcanization time ¢ in hours. The ordinates from left to right represent : the per cent elonga- 
tion L, the tensile strength P in kg/cm?, the combined sulfur S in per cent, the equilibrium modulus Z, in 
kg/cm?, the saturation of the hard rubber A in per cent of the saturation of the raw rubber. 


the change in the equilibrium moduli of elasticity in hard rubber is represented 
by the curves which have a peak (maximum). The maximum value of the 


“equilibrium modulus” at optimum vulcanization reaches the order of 180 kg/ 


cm’, while the equilibrium modulus values for soft vuleanizates do not exceed 
10 kg/em*. The data given show that hard rubber forms a spatial structure 
which is approximately 20 times as dense as the spatial network in soft vul- 
canizates. 

As Figure 8 shows, the maximum on the kinetic curve of the change in the 
“equilibrium modulus” of hard rubbers in the process of their vulcanization 
corresponds in time to the maximum content of bound sulfur and the minimum 
unsaturation of the polymer. Naturally this concurrence is not accidental; 
the changes mentioned are interrelated. This type of curve represents two 
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processes working at cross purposes, namely the formation and the decomposi- 
tion of the sulfur bonds which form the spatial network in hard rubbers. 

The decomposition of the sulfur bonds, which means the disruption of the 
spatial structure, proceeds more rapidly and to a greater degree at a higher 
temperature. Because of this a less dense spatial network is formed at a vul- 
canization temperature of 190° C than at lower temperatures (see Figure 6). 
An increase in the sulfur loading of the stock from 40 to 50 phr, like a change in 
unsaturation during the vulcanization process, has no substantial effect on the 

values of the “equilibrium modulus” or on the character of the kinetic curves. 

The nature of the sulfur bonds formed in the process of vulcanizing hard 
rubbers was studied with the aid of a radioactive isotope of sulfur (S**). The 
experiments were carried out by a method® described in the work of A. 8. 
Kuzminskii and Tikhomirova. Sheets of hard rubber with a diameter of 30 
mm and a thickness of 0.3 mm, each with either active or inactive sulfur, were 
extracted with acetone to remove the free sulfur, then cemented together with a 
rubber solution and heated to 140° C ina reaction vessel in an atmosphere of 
nitrogen. The mobility of the sulfur bonds in hard rubber, and consequently 
their polysulfide content, were judged from the change in the activity of the 
sheet with inactive sulfur in the course of the heating. 
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Fic. 9.—Mobility of sulfur links as a function of the duration of vulcanization in various stages of the 
vulcanization of hard rubber at a temperature of 170° C. Composition of hard rubber: 100 parts SKS-30, 
40 parts sulfur. Vulcanization time: /—after 15 minutes; 2—after 30 minutes. The abscissa represents 
the duration of heating (vulcanization) ¢ in hours, the ordinate the relative activity i. 


Figure 9 shows curves characterizing the mobility of the sulfur bonds at 
various stages of vulcanization. Figure 9 shows that polysulfide bonds are 
formed at the beginning of the process and then become regrouped in the vul- 
canization process, thus lowering their polysulfide chain length. Polysulfide 
bonds are not observed in a hard rubber at optimum vulcanization. An ap- 
proximate calculation, based on a measurement of the network density and the 
combined sulfur concentration during the vulcanization, shows that a hard 
rubber at optimum vulcanization has on the average 2.6 sulfur atoms at each 
joint. Thus an increase in the density of crosslinks, and at the same time a de- 
crease in their polysulfide chain length, takes place in the vulcanization process. 
One may assume that part of the sulfur given off by the decomposition of cross- 
links is combined intramolecularly. 

The change in the infrared absorption spectra of hard rubbers at various 
stages of vulcanization, which agrees fully with the results of mechanical tests, 
shows that the consumption and formation of double bonds in the course of 
the reaction is an external evidence of the formation and decomposition of sul- 
fur links. 
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STRUCTURE AND MECHANICAL PROPERTIES OF 
HARD RUBBERS 


In soft vulcanizates the formation of a three-dimensional structure makes it 
possible to exhibit to the fullest the high elasticity of the material. In hard 
rubbers the formation of a dense spatial network and the intramolecular com- 
bination of sulfur cause a decrease in the stiffness of the chains and a sharp 
increase in the intermolecular interactions. This is externally evident in an 
almost complete loss of elastic properties by the rubber and in a shift of 7, into 
the region of higher temperature. 

The change in the tensile strength of hard rubber was studied in a wide 
range of temperatures. The results of the experiments are presented in 
Figures 10, 11 and12. As the figures show, the tensile strength of hard rubber 
decreases from 400-450 to 15-20 kg/cm’, i.e., by a factor of 20 or 30, when the 
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Fie. 10.—Change in the tensile strength of hard rubber as a function of test temperature in the process 
of vulcanization at 170° C. Composition of hard rubber: 100 parts SKS-30, 40 parts sulfur. 1—At 23°; 
2—at 70°; 3—at 100°; 4—at 130-150° C. The abscissa represents the vulcanization time ¢ in hours, the 
ordinate the tensile strength P in kg/cm*. 


temperature is raised to 100-130° C. The decrease in tensile strength with the 
rise in temperature is steady in character. In the early stages of vulcanization, 
when the number of spatial ‘‘seams”’ is still small and corresponds to the number 
in soft stocks, the tensile strength decreases by a factor of no more than 2 with 
a rise in temperature. 

The chemical links (carbon and sulfur links) which form the three-dimen- 
sional structure of hard rubbers, do not break down in the above-mentioned 
temperature range, and therefore the drop in the tensile strength of the hard 
rubber with a rise in temperature occurs solely as a result of the weakening of 
the intermolecular interactions. 

It should be pointed out that as a result of the conversion of hard rubber 
from a glasslike to an elastic state the mechanism of the break itself changes. 
The arrows on the curves denote the tensile strengths at the glass transition 
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Fic. 11.—The tensile strength of hard rubbers vulcanized at 150° C as a function of vulcanization time 
and (test) temperature. Composition of hard rubber: 100 parts SKS-30, 40 parts sulfur. Vulcanization 
time: /—after 1 hour; 2—after 2 hours; $—after 3 hours; 4—after 4 hours. The abscissa represents the 
ane tonnes rature ¢ in ° C, the ordinate the ratio P1/Po between the tensile strengths of the hard rubber at 
t° an 























temperature. At temperatures below 7’, a brittle break occurs, while at higher 
temperatures the break is an elastic one. 

It is interesting to note that in thermal hard rubbers, where the spatial 
network is formed only by the carbon crosslinks and sulfur is absent, the same 
sharp change in tensile strength as a function of temperature conditions is 
noted as in sulfur-vuleanized hard rubbers. 

What, however, is the cause of the strong intermolecular interactions in 
hard rubbers? The common property as between sulfur and thermal hard 
rubbers is the presence of a dense spatial network. The chemical crosslinks 
exert no substantial direct influence on tensile strength. The tensile strength 
of hard rubbers at 130° C is close to the tensile strength of soft vulcanizates, 
and thus depends little on the network density. The crosslinks can affect the 
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Fra. 12.—Relation of tensile strength to vulcanization time and testing temperature in a hard rubber 
vulcanized at 170° C. Vulcanization periods: 1—30 minutes; 2—1 hour; 3—2 hours; 4—3 hours; 5—4 
hours; 6—5 hours. The abscissa represents the testing temperature ¢ in ° C, the ordinate the ratio P:/Pe 
between the tensile strengths of the hard rubber at temperature ¢ and at 23° C. 
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Fie. 13.—Relation between glass transition temperature and “equilibrium modulus” value in hard 
rubbers vulcanized at 170° C. Composition of hard rubber: 100 parts SKS-30, 40 parts sulfur. The 
abscissa represents the ‘‘equilibrium modulus” E,, in kg/em?, the ordinate the glass transition temperature 
7’, in 


tensile strength of the hard rubber only indirectly, by intensifying the inter- 
molecular interactions. The intersection of molecular chains at places where 
junctions in the network are formed leads to the formation of a zone of intensi- 
fied intermolecular interactions. Naturally, as the network density increases 
the intermolecular interactions also increase, up to a certain limit. When the 
network is dense enough that the zones of intense intermolecular interaction 
overlap, a further increase in the number of crosslinks has almost no effect on 
the intermolecular forces and consequently on the glass transition temperature, 
tensile strength and some other properties. Actually the optimum vulcaniza- 
tion of hard rubber according to tensile strength occurs considerably earlier 
than that according to the change in ‘‘equilibrium modulus’”’ (see Figure 8). 
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Fig. 14.—Thermomechanical properties of hard rubbers as a function of vulcanization time, at various 
stages of vulcanization at 70° C. Composition of hard rubber: 100 parts SKS-30, 40 parts sulfur. Vul- 
canization periods: 1—15 minutes; 2—30 minutes ; 3—2 hours; 4—3 hours; 5—4 hours; 6—5 hours. The 
abscissa represents the (test) temperature ¢ in ° C , the: ordinate the compression deformation D (DX 2.4 
X 1073 mm). 
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Figure 13 shows that when the ‘equilibrium modulus” is increased from 0 to 
100 kg/cm?, the glass transition temperature increases approximately from 
—60° to +50° C;i.e., by 110°. When the modulus increases from 100 to 180 
kg/cm, the glass transition temperature rises from +50° to +60-64° C, that 
is, by only 10—-14°; here the glass transition temperature does not change in the 
later stages of vulcanization. 

In another series of experiments the thermomechanical properties of hard 
rubbers at various stages of vulcanization were studied. The thermomechani- 
cal curves of thermal and sulfur hard rubbers were compared with the corre- 
sponding curves for a soft vulcanizate and the raw rubber from which the vul- 
canizate was produced. 

The testing was carried out on a Kargin balance in a temperature range 
from —70° to +200° C in an atmosphere of air. The samples had the form of 
cylinders with a height of 5 mm and a diameter of 8 mm. The load was 9.5 
kg/cm? for hard rubbers, 2 kg/cm? for soft vulcanizates and 10 g/cm? for raw 
rubber. Before the test the samples were heated at the given temperature for 
a period of 15 minutes in order to insure that the temperature field was in 
equilibrium, and then were kept under a load for a period of 10 minutes. 

The results of the testing, presented in Figures 14 and 15, show that the 
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Fic. 15.—Thermomechanical properties of hard rubbers at optimum vulcanization, thermal hard 


rubbers, (soft) vulcanizates and raw rubber at a vulcanization temperature of 170° C. 1—(Soft) vulcani- 
zate; 2—raw rubber; 3—hard rubber with the composition: 100 parts SKS-30, 40 parts sulfur; 4—hard 


rubber with the composition: 100 parts SKS-30 and 50 parts sulfur; 5—hard rubber with the composition: 
100 parts SKS-30 and 30 parts sulfur; 6—thermal hard rubber. The abscissa represents the (test) tempera- 
ture in ° C, the ordinate the compression deformation D (D X 2.4 XK 107-3 mm). 


glass transition temperature of hard rubbers is not dependent on the vulcaniza- 
tion temperature and sulfur loading within the limits of 30 to 50 phr. At 
temperatures above 7’, the hard rubber goes into an elastic state. However, 
the elastic properties of hard rubber in the case given are only slightly evident 
as compared with the analogous properties of soft rubber vulcanizates. The 
per cent elongation at break in the elastic state is not over 10 per cent in hard 
rubbers. 

The glass transition of hard rubbers which occurs as a result of the chemical 
conversion of the rubber hydrocarbon during vulcanization (let us arbitrarily 
designate it as a ‘‘chemical”’ glass transition) is different from the physical glass 
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transition in frozen soft rubber vulcanizates in its irreversibility. A soft vul- 
‘anizate, however, reverts to its initial highly elastic state when the temperature 
rises above T,. As Figures 14 and 15 show, the thermomechanical curves of 
sulfur hard rubbers exhibit a second bend at 150-170° C. For linear polymers 
this bend corresponds to the transition into a viscous-fluid state. Naturally 
flow in hard rubbers can be exhibited only through a partial or complete breakup 
of their three-dimensional structure. It must be noted that high-temperature 
flow is a specific property of sulfur hard rubbers alone. A completely different 
situation is observed in the heating of thermal hard rubbers, raw rubbers and 
the soft rubber vulcanizates based on these. In a thermal hard rubber, and 
especially in the raw rubber and soft vulcanizate, an intense structure formation 
develops at the appropriate temperatures (see Figure 15). 

Why is the sulfur hard rubber so markedly different in its high-temperature 
behavior from the other materials studied? 

By the use of various methods (mechanical, chemical and optical) it has 
been found that a decomposition of sulfur links occurs in hard rubbers.  Al- 
though only the polysulfide links, characterized by an energy of ~27 kcal/ 
mole, decompose at 130° C, the decomposition at 150-170° C of the more 
stable (monosulfide and disulfide) bonds which are present in hard rubbers at 
optimum vulcanization has already been confirmed. 

The energy of these is ~55 kcal/mole. A still higher temperature is re- 
quired for the decomposition of the carbon links forming the three-dimensional 
network of thermal hard rubbers, since their energy is as high as ~63 kcal/ 
mole. However, at 150-170° C and still higher temperatures the predominant 
process in raw rubber, soft vulcanizates and thermal hard rubber is the increase 
in the number of crosslinks. This is due to the fact that at the temperatures 
mentioned free radicals are formed in the molecular chains of the rubber 
through the opening of double bonds or the splitting off of hydrogen in 
a-methylene groups. The intense structure formation is also due to the pres- 
ence of these radicals. In sulfur hard rubbers the thermal structure formation 
is suppressed by the inhibiting action of the sulfur. When these are heated to 
150-170° C, the liberation of a considerable amount of hydrogen sulfide is 
observed. Double bonds are formed in the sections of the molecular chains 
where hydrogen and sulfur atoms are split off and hydrogen sulfide is liberated, 
as has been shown with the aid of infrared spectrophotometry. The inhibiting 
action of sulfur has already been shown earlier’. 

The consumption of sulfur bonds and the liberation of hydrogen sulfide is 
also probably the chief cause of the socalled ‘‘burning” of hard rubbers which 
is often observed in their vulcanization. 

CONCLUSIONS 

1. It has been established that a hard rubber at optimum vulcanization is 
an unsaturated compound. 

2. The decomposition rate of double bonds and the limit of the decrease in 
unsaturation are independent of the amount of sulfur initially dispersed in the 
rubber, since the vulcanization proceeds with practically a constant concentra- 
tion of dissolved sulfur. 

3. It has been found that in the process of hard rubber vulcanization a 
tendency toward the formation and decomposition of sulfur crosslinks appears. 
The higher the vulcanization temperature the greater the rate of crosslink 
decomposition. 
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4. It has been shown that polysulfide links are formed in the early stages of 
hard rubber vulcanization. In the subsequent vulcanization process their 
polysulfide chain length decreases through the decomposition of such links, and 
a hard rubber at optimum vulcanization retains only the monosulfide and 
disulfide bonds. 

5. It has been established that in hard rubbers the forces of intermolecular 
interaction are increased sharply by the formation of a dense spatial network, 
which increase is revealed externally by the transition of the material from a 
viscous-elastic to a glasslike state. 

(a) This transition in hard rubbers is accompanied by changes in a whole 
complex of mechanical properties. 

(b) As the network density of a hard rubber increases its glass transition 
temperature 7’, is shifted to higher temperature regions. 

6. It has been shown that hard rubber flows under a load at temperatures 
of 150-170° C because of the decomposition of the sulfur links which form 
its spatial structure. Flow is a specific property of sulfur vulcanizates only. 

7. It has been established that in thermal hard rubbers, soft rubber vul- 
canizates and raw rubbers an intensive spatial structure formation develops at 
temperatures of 150—-170° C. 

Structure formation cannot occur in sulfur vulecanizates because of the 
inhibiting action of the sulfur liberated by the decomposition of the sulfur bonds. 
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THE KINETICS OF THE REACTION OF ORGANIC 
SULFIDES WITH METHYL IODIDE. I * 


WALTER SCHEELE AND WOLFGANG TRIEBEL 


KAUTSCHUKINSTITUT, TECHNISCHE HocHuscHULE, HANNOVER, GERMANY 


INTRODUCTION 


In explaining vulcanization reactions it is necessary to inquire into the con- 
stitution of the crosslinking sites, in addition to investigating the kinetics of 
such reactions. The solution of this problem is technologically important 
because, among other things, the type of bond resulting from the use of sulfur 
—the most common curative—determines the durability of the vulcanizate. 
From the considerable research into this question!, it is clear that one must 
reckon with the appearance, in the cured stock, of mono-, di- and polysulfidic 
bonds, which may be dialkyl-, dialkenyl-, or alkyl alkenyl-sulfidic in nature. 
It must be assumed, furthermore, that the reaction of sulfur with the macro- 
molecules can be of an inter- as well as intramolecular type, that bridge bonds 
may be constructed between the filamentary molecules, and that formation of 
cyclic and macrocyclic sulfides may occur. From time to time it has also been 
pointed out that the various accelerators used give rise to one or the other type 
of bond, hence exert a directive influence on the reaction’. 

Now it is known that organic sulfides react with methyl iodide to form the 
corresponding sulfonium iodides, or trimethyl sulfonium iodide, and this re- 
action, investigated principally from an organic-preparative standpoint? in 
different sulfides and under varying experimental conditions, was used by Selker 
and Kemp to determine the type of sulfur bonds in vulcanizates', whereby they 
were careful to set up comparative experiments, using appropriate model com- 
pounds. It soon became apparent that such an analysis must have as its ulti- 
mate goal a determination of the reaction rate, thus becoming a problem of 
reaction kinetics. Since the formation of a sulfonium compound represents, 
in each case, the initial stage of the reaction, and because this process—easy to 
follow analytically—can be regarded as a criterion for the reaction course, 
whereas the intermediate stages up to trimethyl sulfonium iodide are, for the 
time being, of lesser importance for kinetic analyses, it would be wise to make a 
decision as to the presence of one or the other type of bond, on the basis of the 
reaction rate measurements. The discovery by Selker and Kemp, among 
others, that the rate at which sulfonium iodide is formed shows considerable 
dependence on the special constitution of the sulfide provides an impetus for 
continuing research into the significance of this reaction in the analysis of vul- 
canizates. 

We found it stimulating to delve once again into the problems encountered 
by Selker and Kemp in some of their meticulous experimental investigations, 
and to look more closely, first of all, into the kinetics involved in the reactions 
of certain low molecular weight organic sulfides of diverse constitution with 


* Translated for RuBBER CHEMISTRY AND TECHNOLOGY by G. Leuca from Kautschuk und Gummi, Vol. 
11, pages WT 127 to 133, May 1958. Tables of data have been omitted. 
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methyl iodide, our purpose being to use this approach for a subsequent study 
of vulcanizates, based on the experiences of these authors. 

In order to give our readers a clearer picture of the things under considera- 
tion in this work, we now summarize current knowledge regarding the reaction 
of organic sulfides with methyl iodide with the help of the accompanying 
Equations (1) to (19). 

1) When the reactions occur in such a way that no serious complications 
will arise, the mercaptans react with methyl iodide in an alcoholic solution, as 
per (1) and (2) to form the corresponding dimethyl alkyl sulfonium iodide. 
If free iodine is present an equivalent proportion of mercaptan according to (3) 
goes over into the dialkyl disulfide which in turn can itself be converted to 
sulfonium iodide as is considered later. 

2) Dialkyl monosulfides are converted in an addition reaction with methyl 
iodide to the corresponding sulfonium iodides according to reaction (4). If 
sufficient quantities of methyl iodide are present, however, substitution of the 
alkyl groups for the methyl] residue takes place. Such reactions, (5) and (8) 
formulated by Selker®, are supposed to run very slowly, judging from his data. 
In this case the alkyl methyl monosulfide appears as an intermediate. 

3) Dially] monosulfides react according to (9) substantially slower with 
methyl iodide than do the dialkyl monosulfides. The principal product, di- 
allyl methy] sulfonium iodide, is relatively unstable, however, and substitutes in 
succession the allyl residues for the methyl group, whereby trimethy] sulfonium 
iodide remains as the end product. These exchange processes proceed more 
rapidly in this instance, according to Selker, and he, together with Ray and 
Levine®, give (10) and (13) as the reactions. The allyl iodide resulting from 
(10), (11), and (12), reacts in (14) according to Selker, with separation of 
iodine and dimerization of the allyl residues. 

4) Aliphatic disulfides react extremely slowly with methyl iodide, whereby 
4 moles of methyl iodide per mole of disulfide are consumed. Haas and 
Dougherty’ have supposed that, in conformance with (15), a loose adduct of 
methyl iodide and disulfide is formed at the beginning, decomposing subse- 
quently by (16) to form alkyl methyl monosulfide and alkyl sulfenyl iodide. 
The latter is said to react by (18) with methyl] iodide, with separation of iodine 
and formation of alkyl methyl monosulfide. Alkyl methyl monosulfide pro- 
duced through (16) and (18) finally reacts with methyl! iodide, by way of (17) 
and (19), to produce sulfonium iodide. This process thus involves prompt 
separation of iodine. 


REACTIONS OF METHYL IODIDE WITH SOME ORGANIC SULFIDES 
(1) R—CH.—SH + CH;I ——— HI + R—CH.—S—CH; 
R—CH), 
(2) R—CH.—S—CH; + CH;I ———> CH;—SI 
CH; 
(3) 2R—CH.—SH + I, ——— 2HI + R—CH:—S—S—CH:—R 
R—CH, 


R—CH:—S—CH:—R + CH;I ———> R—CH;—SI 


CH; 
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R—CH: 
(19) R—CH:—S—CH; + CH;I ——— CH;—SI 
CH; 


EXPERIMENTAL 


The reaction of methyl iodide with organic sulfides was subjected to closer 
investigation, using as examples dimethyl-, diethyl-, di-n-butyl monosulfide, 
dially] monosulfide, methy! allyl monosulfide and dimethyl] disulfide. 

Preparation of the sulfides —with the exception of methyl allyl sulfide and 
dimethyl disulfide—occurred through reaction of the alkylating agent with 
Na.S or K.2S in aqueous or ethanol solution. The oils formed after lengthy 
heating were separated, washed and distilled. 

Dimethyl monosulfide—180 g Na.S-9H.O and 140 g CH,lI yielded 25 g 
dimethyl monosulfide (80%) ; B.P. 38° C. 

Diethyl monosulfide—180 g Na2S-9H.0 and 110 g C.H;Br yielded 32 g 
diethyl monosulfide (71%); B.P. 92-938° C. 

Di-n-butyl monosulfide—55 g K.S (anhydrous) in absolute ethanol and 
68.5 g n-butyl bromide yielded 27 g di-n-butyl monosulfide (74%) ; B.P. 182° C. 

Diallyl monosulfide—241 g allyl bromide and Na.S (from 50.6 g Na and 
HS in ethanol) yielded 56 g diallyl monosulfide (49%); B.P. 135 to 137° C, 
n° = 1.4904. 

Methylallyl monosulfide-—130 g dimethyl sulfate and 74 g allyl mercaptan 
yielded 70 g (80%) methylallyl monosulfide; B.P. 92.5° C, n°” = 1.472. 

Dimethyl disulfide-—248 g Na2S.03-9H2O and 148 g CHsI in an aqueous 
medium and subsequent hydrolysis and oxidation by means of iodine, to di- 
methyl] disulfide. Yield 32 g (68%), n° = 1.526. 

The alkylation reactions took place at various temperatures in methanol 
solution in the dark, as well as in sealed reaction vessels under nitrogen. 
Methyl] iodide was used mostly, in considerable molar excess. The reaction 
times were carefully measured and the contents of the vessels were examined 
quantitatively as to their sulfonium iodide content. This was accomplished 
as follows: 

The solutions, which after long reaction times took on a yellow and in some 
cases even a reddish brown color, were poured into distilled water, whereby the 
sulfonium iodide that is formed remains in solution. Repeated extraction with 
benzene resulted in the separation of excess methyl iodide, unreacted sulfide 
and, at times, of precipitated iodine, from the aqueous solution. Since, in the 
course of the reaction—as shown by numerous preliminary experiments—a 
certain amount of hydrogen iodide is formed, which would interfere with an 
argentometric determination of the sulfonium iodide, the aqueous solution was 
treated with freshly precipitated silver oxide, whereby hydriodic acid is re- 
moved and the sulfonium iodide goes over into the corresponding sulfonium 
hydroxide. In the aqueous solution thus prepared the sulfonium hydroxide 
was determined quantitatively after filtration of the silver oxide by means of 
acidimetric conductivity titration. In addition, the solution was treated with 
a measured quantity of excess sulfuric acid whose exact normality was known. 
The unconsumed portion was back titrated conductometrically with a stand- 
ardized sodium hydroxide solution. 
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EXPERIMENTAL DATA AND DISCUSSION 


When the reaction of the dialkyl monosulfides with methyl iodide is carried 
out in such a way that both reactants are present in a stoichiometric ratio, the 
reaction is of the 2nd order—as can be seen in Figure 1, in the case of dibutyl 
monosulfide, a fact already recognized by Carrara’. What is obtained (a = 
initial sulfide concentration = 100, x being its unreacted portion) is a straight 
line, when 1/(100 — z) is plotted against the reaction time. Figure 1 also 
shows, however, that the 2nd order law is not exactly complied with when the 
reaction times are long, and the points then are seen to scatter. In our opinion 
this can be ascribed to the fact that, especially at elevated temperatures, a 
certain amount of the highly volatile methyl iodide is present in the vapor space 
above the reaction solution, so that its concentration ceases to correspond to the 
stoichiometric ratio of the reactants. Since, in applying this reaction to the 
analysis of vulcanizates it will never be possible to establish stoichiometric 
relations with respect to the concentration of the reagents because the number 
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Fic. 1.—The reaction of di-n-butyl monosulfide with methyl iodide, with a stoichiometric ratio of the 
two reagents, according to the second order. Ordinate: sulfonium iodide (mole-% 100 — x)~-102. Ab- 
scissa: Reaction time (hrs). 


(concentration) of sulfidic formations—irrespective of their type—is unknown, 
we selected the conditions for further experiments in such a way that a Ist order 
reaction would necessarily result, i.e., the reaction would take place under a 
considerable (about a 25-fold molar) excess of methyl iodide, so that the re- 
action finally runs in a pseudo-unimolecular manner. 

That is how we obtained the analytical results for the course, within a given 
time, of methyl iodide reactions with dimethyl-, diethyl-, and di-n-butyl mono- 
sulfide. Graphic presentation of the results has been limited to di-n-butyl 
monosulfide, since the other sulfides present the same picture, the differences 
being only quantitative. 

Figure 2 shows the rise in concentration of the sulfonium compound (pre- 
sumably di-n-butyl methyl sulfonium iodide) with the reaction time, at different 
temperatures. 

Demonstrated in Figure 3 (ordinate: sulfonium iodide in mole per cent of 
the initial monosulfide; abscissa: reciprocal reaction time) is the end value of 
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Fic. 2.—The formation of sulfonium iodide in the reaction of di-n-butyl monosulfide with ca. 25-fold 
molar excess of methyl iodide in a methanol solution. Ordinate: Sulfonium iodide (mole-%). Abscissa: 
Reaction time (hrs). 


the sulfonium iodide yield, amounting here to practically 100%, but which 
could also be found to be somewhat smaller in other cases, this being attribut- 
able, possibly, to contamination of the sulfide in question (formation of sulfone!) 
Finally, from Figure 4 (ordinate: sulfonium iodide in mole per cent; abscissa: 
reaction time in hours) it can be seen that in the presence of a great excess of 
methyl iodide the reaction goes precisely according to the Ist order law. From 
the computed velocity constants it was evident, that dimethyl monosulfide 
reacted the fastest, and that the reaction rate of the homologous series of 
monosulfides dropped. 

In Figure 5, Curves I, II and III represent the temperature functions of the 
velocity constants with which the three dialkyl monosulfides react (ordinate: 
log of the velocity constants; abscissa: reciprocal absolute temperature). The 
points lie, with adequate accuracy, on parallel straight lines, whence it is seen 
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Fie. 3.—Demonstration of the end value of sulfonium iodide formation in the reaction of di-n-butyl 
monosulfide with ca. 25-fold molar excess of methyl iodide in a methanol solution. Ordintae: Sulfonium 
iodide (mole-%). Abscissa: Reciprocal reaction time (hrs~!). 
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Fie. 4.—The pseudo-unimolecular formation of sulfonium iodide (decrease in monosulfide concentra- 


tion) in the reaction of di-n-butyl monosulfide with ca, 25-fold molar excess of methyl iodide. Ordinate: 
Sulfonium iodide (mole-% 100 — zx). Abscissa: Reaction time (hrs). 


that in each case the same activation energy must be employed. In round 
numbers it comes to 16 kcal/mole. The dialkyl monosulfides differ, as far as 
their reaction with methyl iodide is concerned, only in the rate at which they 
react, i.e., only with respect to the activity constant, which exhibits a decrease 
in the homologous series of monosulfides, and possibly remains constant in the 
higher members. What should really be noted is that differences in activity 
constants are greater, between the dimethyl] and diethyl monosulfides, than 
between diethyl- and dibutyl monosulfide. 

Considerably slower than the reaction of the dialkyl monosulfides is that 
of dially! monosulfide with methyl iodide, whereby vigorous iodine separation 
could be observed. The final sulfonium iodide yield amounted, in this case, to 
95, mole-per cent of the initial quantity of sulfide and was set equal to 100. If 
one plots the experimental data according to the Ist order law, one obtains the 
curves appearing in Figure 6. It is apparent that, at all temperatures, the 
reaction runs a little hesitantly at first, whereupon it is accelerated to finally 
fulfill the 1st order law (linear portions of the curves). Thus the kinetics of 
this reaction are obviously not so clear and transparent as those of the dialkyl 
monosulfides, in which case the initial portion of the curves, indicating a com- 
plicated course, was lacking. 

But a notable difference is also observed between dialkyl and diallyl mono- 
sulfide as regards the activation energy of its reaction with methyl iodide. For 
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if the 1st order rate constants, as derived from the linear portions of the curves 
in Figure 6, are plotted against the reciprocal absolute temperature, then the 
straight line V of Figure 5 is obtained. It has a decidedly sharper slope than 
I, II and III, indicating higher activation energy. Actually, a value of 21.5 
kcal/mole was calculated from the slope. 

Now when diallyl monosulfide reacts with methyl iodide, trimethyl sul- 
fonium iodide is the end product. Its formation is supposed to be the result 
of a step-wise exchange of the allyl groups, in the initially-formed diallyl methyl 
sulfonium iodide, for the methyl residues (cf. Reactions (10) to (12)). Here it 
is assumed that the methyl] allyl—as well as the dimethyl monosulfide—appear 
as intermediates and participate in further reaction with the methyliodide. For 
this reason alone, but also because sulfidic allyl alkyl crosslinks can occur in 
the vulcanizate, the kinetics of the reaction of methyl allyl monosulfide with 
methyl iodide is of interest to us. 

The conversion curves, as well as the determination of the final value for the 
formation of sulfonium iodide, found to be 95 mole-% of the initially-present 
amount of methyl allyl monosulfide, and assumed to be equal to 100, are not 
presented graphically. Rather, as seen in Figure 7, we have preferred to show 
the relationships resulting from a plotting of the experimental data for a Ist 
order reaction. 

The initial delayed phase, such as was observed in the reaction of diallyl 
monosulfide, was not in evidence here; the reaction starts, at all temperatures, 
immediately according to the 1st order law, as was also the case with the di- 
alkyl monosulfides. However, the reaction does not go entirely according to 
the Ist order. When about 80% sulfonium iodide has formed, sizable devia- 
tions in the direction of a higher order are noticed as the reaction continues, a 
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Fic. 5.—The temperature function of the sulfonium iodide formation rate constants in the reaction of 
certain aliphatic sulfides with ca. 25-fold molar excess of methyl iodide in a methanol solution. I: dimethyl 
monosulfide; II: diethyl monosulfide; III: di-n-butyl monosulfide; IV: methyl allyl monosulfide; V: di- 
allyl monosulfide and M1: dimethyl] disulfide. Ordinate: Rate constant k-10*, Abscissa: Reciprocal ab- 


solute temperature 7’ -10*, 
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Fic, 6.—The kinetics of sulfonium iodide formation (lowering of sulfide concentration) in the reaction 
of diallyl monosulfide with about a 25-fold molar excess of methyl todide (plotted according to the Ist order). 
Ordinate: Sulfonium iodide (mole-% 100 — x). Abscissa: Reaction time (hrs). 


development not observed either in the dialkyl monosulfides or the diallyl 
monosulfide. 

The rate constants can be computed from the slopes of the linear portions 
of the curves in Figure 7. The constants are larger than those found for the 
diallyl monosulfide and smaller than those for the dialkyl monosulfides. On 
the basis of the speed of its reaction with methyl] iodide, methyl allyl mono- 
sulfide thus occupies a median position. Corresponding thereto is the position 
of the temperature function of the rate constants (Curve IV in Figure 5) which 
presents practically the same slope as I, II and III; actually an activation 
energy of 15.4 keal/mole is calculated, in good agreement with that found for 
the three dialkyl monosulfides. 

Of the disulfides, only dimethy! disulfide was tested more thoroughly with 
respect to its reaction with methyl iodide. The analytical results are plotted 
in Figure 8 according to the 1st order law (ordinate: sulfonium iodide in mole- 
per cent [100 — x]; abscissa: reaction time in hours). It is evident that 
dimethyl disulfide reacts precisely according to the 1st order and behaves like 
the dialkyl monosulfides in this respect. But the reaction is much slower than 
with all the other sulfides, as attested to by the rate constants and by the posi- 
tion of their temperature function (straight line VI in Figure 5); presumably 
the rate is even lower for the homologs of dimethyl] disulfide. The activation 
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energy of the reaction is figured at 22.3 kcal/mole, hence is practically the same 
as that observed in the diallyl monosulfide reaction. 

We will not discuss here the reaction mechanisms mentioned at the be- 
ginning, in connection with the kinetic relations present, although the results 
obtained tempt one to do so, in many ways. Nevertheless, we are giving, in 
brief, essential hints as to the application of this reaction in the chemistry of 
vulcanization. 

Because of the insolubility of the vulcanizate in a solution of the res agent 
(methyl iodide) and because the first step in the reaction—we are assuming it 
was measured in the foregoing investigation and proved to be rate-determining 
—will lead to formation of an insoluble chain polymer sulfonium iodide, one 
may run into difficulties when using this reaction in vulcanizate analyses. It 
will be profitable, however, to surmount these difficulties. Essentially, en- 
couragement is to be found in the results obtained, for an analysis of the cross- 
linking sites in vulcanizates from a kinetic standpoint, especially since Selker 
and Kemp‘ have shown some progress already in this direction. With their 
roughly quantitative results they were able to prove that experience gained in 
the reactions of model compounds were also valid, basically, when working with 
vulcanizates, and therefore it is to be assumed that, e.g., dialkyl disufidic bonds 
can be distinguished rather readily from the corresponding monosulfidie bonds, 
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Fic. 7.—The kinetics of sulfonium iodide formation (lowering of sulfide concentration) in the reaction 
of methyl allyl monosulfide with ca. 25-fold molar excess of methyl iodide in a methanol solution (plotted 
according to Ist order). Ordinate: Sulfonium iodide (mole-% 100 — x). Abscissa: Reaction time (hrs). 
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_ Fie. 8.—The pseudo-unimolecular formation of sulfonium iodide in the reaction of dimethyl disulfide 
with ca. 25-fold molar excess of methyl] iodide in methanol solution. Ordinate: Sulfonium iodide (mole-% 
100 — z). 


since the rate constants of their reaction with methyl iodide vary in the ex- 
treme, and will, besides, be distinguishable by their diverse activation energies. 
Dially] sulfidic bonds result in much lower rates than the dialkyl sulfidic bonds 
and also furnish a higher activation energy. Moreover, they react with con- 
siderable separation of iodine and show, in contrast to the dialkyl mono- and 
the dialkyl disulfides, deviations from the 1st order Jaw, at the start of the 
reaction. More difficult will be the task of determining with certainty the 
alkyl alkenyl] sulfidic bonds, since their speed of reaction will probably not be 
any less than that of the dialkyl monosulfidie bonds, and the activation energies 
for the reaction of both types of bonds are the same. Nevertheless they should 
be identifiable from the reaction curves, for it was shown, when methy| allyl 
sulfide was used as an example, that within the range of higher conversions 
there is a falling away from a Ist order course which is not true of any of the 
other sulfides. 


SUMMARY 


The reaction of organic sulfides with methyl iodide was subjected to more 
thorough investigation from a kinetic standpoint. The results were as follows: 
Both the bimolecular-reacting dialkyl monosulfides and dimethyl disulfide 
are converted in a methanol solution and in the presence of a great excess of 
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methyl iodide, according to the 1st order to the corresponding sulfonium iodide. 
The disulfide reacts much more slowly than the monosulfides. 

Diallyl monosulfide as well as methyl allyl monosulfide react under these 
conditions with methyl] iodide in a wide conversion range, according to the Ist 
order law. Yet, in the case of diallyl monosulfide at the beginning, and methy] 
allyl monosulfide at the end of the reaction, deviations from the Ist order law 
are observed 

Activation energies were computed from the temperature functions of the 
Ist order rate constants. Higher values are obtained with diallyl monosulfide 
and dimethyl] disulfide than with either the dialkyl monosulfides or methy] ally] 
monosulfide. 

An accurate method for determining the sulfonium iodide formed was 
worked out and reported. 

The results obtained in these investigations are intended to furnish the 
basis for experiments to be used in the analysis of crosslinking sites in vulcani- 
zates. Our experiments will therefore continue in this direction. 
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THE ROLE OF OXIDATION-REDUCTION SYSTEMS IN 
VULCANIZATION WITH SULFUR * 


KE. I. Tinyaxova, E. K. KurReENNIKovA, B. A. DOLGOPLOSK, 
V. N. Refku, anp T. G. ZHURAVLEVA 


InsTITUTE OF HiGH Mo.LpecuLaAR COMPOUNDS OF THE ACADEMY OF SCIENCES, 
USSR, anv THE 8.V. Lesepeyv INstiITUTE OF SYNTHETIC RUBBER 


Although numerous studies have been made of sulfur vulcanization, its 
mechanism still remains obscure. This is particularly true of the role of ac- 
celerators of vulcanization and of the mechanism of formation of mono- and 
polysulfide bonds in vulcanizates. 

In the present communication we attempt to approach the process of sulfur 
vulcanization from the standpoint of a possible role of oxidation-reduction sys- 
tems as a source of free radicals. This approach is justified by our earlier in- 
vestigations, in which we established the possibility of applying oxidation- 
reduction systems to the building-up and breakdown of polymers in hydro- 
carbon media!. 

The mechanism of the Peachey vulcanization process.—The feasibility of the 
Peachey process is usually regarded as evidence of the role of active sulfur in 
the vulcanization process. As we know, the Peachey process involves alternate 
treatment of rubber at room temperature with gaseous SO, and H.S*. Accord- 
ing to the generally accepted theory, the reaction between H.S and SO» in a 
rubber medium leads to formation of free sulfur, which in the nascent form 
brings about vulcanization at room temperature. 

As in many other oxidation-reduction reactions of this type, the mechanism 
of the process can only be correctly understood by considering its intermediate 
bimolecular stages. We assumed that the vulcanizing action of a system con- 
sisting of SO». and H.S is associated not with the release of ‘‘active”’ sulfur, but 
with intermediate reaction stages, for example: 


O O 


'S 
\ 


‘OH 


Attempts to isolate these intermediate products with the help of triphenyl- 
methyl (by introducing hexaphenylethane into the system) were, however, 
unsuccessful. 

(C6H;)3C’ + ‘SH ———> (C,H;);CSH 
(¢ ‘s6H;) i Me + “S< oH nD (C.6H;) A S< )»oH 
Neither mercaptan nor sulfinie acid could be detected in appreciable amounts 


in the reaction products after filtering from the separated sulfur. The process 
goes smoothly in the direction of separation of free sulfur. 


* Reprinted from the Journal of General Chemistry USSR, Voi. 26, pages 2767-2776 (1956) ; a translation 
by Consultants Bureau, Inc. of Zhurnal Obshchei, Khimit 26, 2476-2485 (1956). 
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TABLE I 
VULCANIZATION OF RUBBER IN XYLENE SOLUTION 


Prepa- ‘ Temper- Time required 
ration Proposed reactions ature for gelling 


a) 2H.S+8¢ Yo — 2H.0+38 


O 


Va 


b) H.S+S0:—> HS: +: | 20° Instantaneous 


‘OH 
Cl Pi Cl ) 
Ccké = ‘YS—SH+S0.—'S +01 SS + 
Cl OH Cl | 
HSCH.CH,OCH,CH.SH +80, 
() 


0 Instantaneous 


»HSCH,CH,OCH,CH.S'+'S 100 After 1 hour 


QO 


O 
OC2H; | OC.H; 
COH+S0,—-C—O'+'S 
COH After 15 minutes 
) COH 


With the objective of conducting the reaction under conditions excluding 
the possibility of separation of free sulfur, we replaced hydrogen sulfide by tri- 
chlorothiophenol and other reducing agents. The action of these compounds 
was studied in a xylene solution of butadiene rubber, and was characterized by 
the period of formation of a gel. 

As we see from the data presented in Table I, a gel is even formed at 0° in 
presence of trichlorothiophenol and SO:; a gel is formed at a higher temperature 
in presence of diethyl dihydroxymaleate and SO: or of 8,6’-dimercaptodiethy] 
ether and SOs. In all these cases, the reaction goes without separation of free 
sulfur. Gelation does not occur on treatment with sulfur dioxide in the ab- 
sence of mercaptan or ester of dihydroxymaleic acid under the above conditions. 
Sulfur and chlorine were determined, after numerous washings with ethy! al- 
cohol, in the gel obtained with the help of trichlorothiophenol and SO». Found 
%:, 3.81; Cl, 4.03, corresponding to 8.1% of combined trichlorothiophenol 
and 5.2% SO». These results show that the reaction is accompanied by the 
addition of reactants to an unsaturated polymer chain, reminiscent of the 
addition of mercaptans and SO, under the influence of peroxides and other sub- 
stances forming free radicals. 

The implication of these facts is that the reaction between trichlorothio- 
phenol and SO» goes with formation of free radicals, which have the same effect 
as the products of breakdown of peroxides. Most significant is the fact that 
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replacement of hydrogen sulfide in the Peachey process by other reducing 
agents leads to development of a vulcanization process without separation of 
free sulfur. The experimental material enables us to regard the mechanism of 
the Peachey vulcanization process from the standpoint not of initiation by 
nascent sulfur, but of initiation by intermediate reaction products. 

Reaction of sulfur with vulcanization accelerator as an oxidation-reduction 
process.—Our earlier studies had established that the reaction between oxygen 
and a series of reducing agents, many of which are accelerators of vulcanization 
with sulfur, initiates the process of oxidative breakdown of rubbers in presence 
of very small amounts of iron salts (soluble in hydrocarbons)!. 

In many chemical reactions, sulfur behaves like oxygen, but with the im- 
portant difference that the end product of reaction is an extremely reactive 
substance—hydrogen sulfide. The latter adds on at the double bond in pres- 
ence of free radicals. A number of investigators observed the formation of 
hydrogen sulfide during the vulcanization process. Fisher and other investiga- 
tors pay great heed to the possible role of H.S in the vulcanization process’. 

In the present investigation we have shown that many vulcanization ac- 
celerators react with sulfur with formation of considerable amounts of hydrogen 
sulfide (Table II). In some cases this process goes with appreciable speed, 
even at temperatures below 100°. 

The data of Table II show that the reaction of sulfur with various reducing 
agents leads to formation of hydrogen sulfide. The latter is formed in high 
yield in reactions with phenylhydrazine and hydrazobenzene which, in hydro- 
‘arbon solution, as we showed earlier, are oxidized by atmospheric oxygen at 
room temperature with very great facility with formation of hydrogen peroxide'. 
Hydrogen sulfide is formed in small quantity in the reaction with cyclohexene, 
which typifies the 1-4 links of polybutadiene. In this case, the yield of hydro- 
gen sulfide is very low because the reaction goes further with formation of mer- 
captan and monosulfide. As reducing agents in the reaction with sulfur, we 
also tried other substances which had not previously been tested or applied as 
vulcanization accelerators (ethanolamines, ethylenediamine and some of its 
derivatives, glucose, fructose and benzoin). The most active reducing agents 
are monoethanolamine and ethylene-diamine with which the reaction goes, 
even at 80°. It should be noted that the yield of hydrogen sulfide by the 
argentometric method is higher than by the iodometric method. The reasons 
for this discrepancy will be discussed below. 

It is extremely interesting that tetraethylenediamine is also an active donor 
of hydrogen in reaction with sulfur (the yield of hydrogen sulfide reaches 52%), 
which points to the absence of a direct link between the presence of NH groups 
and reducing properties in the reaction under consideration. All these com- 
pounds exert an accelerating action on the process of vulcanization with sulfur. 
Ethylenediamine and its derivatives are vulcanization accelerators at 100—140°; 
benzoin, glucose, fructose and glycerol are active at 160°. 

A characteristic feature of these vulcanization accelerators is the increased 
stability of the unfilled rubbers. For example, unfilled rubbers from SKS-30A 
rubber, obtained by using benzoin, glucose or fructose, have a tensile strength 
of about 130 kg/cm? with a relative elongation of 850% and a permanent de- 
formation of 24%. The same rubbers, obtained with the help of ethylenedi- 
amine and ethanolamines, have a tensile strength of up to 200 kg/cm’. It is 
highly probable that the formation of hydrogen sulfide in these cases goes 
through the intermediate steps of unstable compounds whose breakdown may 
lead to formation of the primary radical ‘SH. 
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According to modern ideas, the molecule of sulfur is a ring of 8 atoms; the 
mean energy of the bond between them (according to thermodynamic data) is 
64 keal. According to Zapp’s theory‘. the sulfur ring is made up of four S2 
segments; the energy of the bonds between each of these segments is only 32 
keal, whereas the S—S bond energy inside a segment is nearly 102 keal. On 
this basis, the reaction of sulfur with reducing agents may go either in the 
direction of rupture of the ring at each S—S bond, or with cleavage of a segment 
of two sulfur atoms: 


fos, ger HS(S),SH a) 
s 


g 
OHe + | | 
s. Ss 
‘s—s ‘\ D + HSSH (2) 


Breakdown of the 8-membered ring must lead, in the initial stage, to forma- 
tion of the extremely unstable hydrogen persulfide. It is known” that hydro- 
gen persulfide, the analog of hydrogen peroxide, easily breaks down to form 
hydrogen sulfide and free sulfur: H.S,— Hx +58. The intermediate steps 
of this reaction can, by analogy with hydrogen peroxide, be associated with 
formation of ‘SH radicals: H28S2.—2°*SH. The radical character of the inter- 
mediate steps of the reaction is confirmed by our data on structure formation in 
rubber with hydrogen persulfide, and by the exchange reaction between hydro- 
gen persulfide and sulfur-labeled hydrogen sulfide (H.S*). 

The change of viscosity of a 4% solution of butadiene-styrene rubber in 
presence of hydrogen persulfide in the proportion of 5% of the rubber at 50°, 
is plotted in Figure 1. Experiments were carried out in glass ampoules. The 
viscometers have been described previously!. Hydrogen persulfide (b.p. 75° 
at 760 mm) was prepared by fractional distillation in vacuum” of hydrogen 
polysulfide and was kept in an atmosphere of dry hydrogen chloride at —70°. 

After 4 hours, the whole of the solution had changed into gel. At 70° the 
gel is formed in 1 hour 40 minutes, at 100° in 20 minutes. In the absence of 
hydrogen persulfide, the viscosity does not alter. 

We studied the kinetics of decomposition of hydrogen persulfide in ethyl- 
benzene solution at 50 and 70°. 





Efflux period (in % of original period) 


100 1 1 
0 1 2 
Duration (hours) 


3. 1.——Change of viscosity of a rubber solution in ethyl benzene in presence of H2S2 at 50°. 
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Fie, 2.—Decomposition of H2S: in ethyl benzene solution at 70°. 
1) Quartz ampoule; 2) glass ampoule. 


The velocity of the process was characterized by the amount of hydrogen 
sulfide formed and taken up by 10° cadmium chloride solution. 

Owing to the great sensitivity of hydrogen persulfide to caustic alkali (even 
traces from glass), experiments were run in quartz ampoules fitted with a tube 
extending to the bottom. A continuous stream of dry nitrogen was passed 
through this tube throughout the experiment (to remove hydrogen sulfide from 
the solution). The experimental data are plotted in Figure 2. Thermal de- 
composition of hydrogen persulfide at 70° goes at an insignificant velocity 
(Curve 7). In an ampoule of ordinary glass hydrogen persulfide breaks down 
very quickly (Curve 2). 

Vulcanization under the influence of hydrogen sulfide and mercaptans. (Car- 
ried out with collaboration of M. P. Tikhomolova).—The addition of hydrogen 
sulfide and mercaptans to unsaturated compounds in presence of oxygen or 
peroxides has been amply studied and well clarified in the literature®®. Other 
studies have been made of the addition of hydrogen sulfide and mercaptans to 


TaBLeE III 


STRUCTURING OF RUBBER IN SOLUTION BY DIMERCAPTAN AND 
HYDROGEN SULFIDE IN PRESENCE OF FREE RapDIcaALs * 


Period for develop- 
ment of gel in 
Concen- presence of 
Radicals tration (in min) 
(initial of ini- SS 
Initiator-source of active tiator Dimer- 
102 


free radicals centers) M102 Temp. captan H2S8 


Methyl-phenyltriazene CHs 1.48 100° 5 10 
CH3sN=NNHCcHs 
Diazoaminobenzene CeHs 
CesHsN=NNHCeHs 
Az obutyric acid dinitrile CHs 


(CH:)x>C—N=N—C—(CH3): CH:—C: 20 
} ; 
CN CN NC 
Benzoyl peroxide CeHsCOO- Starts immediately after 


CsHsCO—O—O—CO—CeHs and mixing of components 
RS'(‘SH) 


100 20 60 


Isopropylbenzene hydroperoxide 


CH: CH; 


, 
CsHsC-—OOH CsHsC—O° ‘ Starts immediately after 
_ ; mixing of components 


‘CH: ‘CHa 
RS: (HS") 


* The concentration of rubber in solution was 5%, that of 8,8’ -dimercaptodiethyl ether was 2.2°107? M. 
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rubber, and have also shown that the reaction goes under the influence of oxygen 
or peroxides’, 

We established that structure formation in butadiene rubber by hydrogen 
sulfide or dimercaptan goes under the influence of any free radicals obtained by 
breakdown of various peroxides and azo and diazo compounds. Experiments 
were carried out with a solution of butadiene rubber (containing about 50% of 
1-4 units in the chain). The compound selected for study of the vulcanizing 
action of dimercaptans was 6,6’-dimercaptodiethyl ether (HSCH:CH.—OCH, 
CH,.SH). Addition of hydrogen sulfide or dimercaptan to double bonds leads 
to structure formation in the polymers, and to formation of a gel (Table ITI). 
In the absence of dimercaptan and hydrogen sulfide, all the substances men- 
tioned do not bring about a vulcanizing action under corresponding conditions. 
The vulcanizing action of benzoyl peroxide and isopropylbenzene hydroper- 
oxide at 20° is caused by the development of oxidation-reduction reactions of a 
radical type: 


ROOH +R’SH (HSH) ———> RO’+H:0-—R’S' (HS) 


Diazo compounds (methyl-phenyltriazene and diazoaminobenzene) and 
azo-iso-butyric acid dinitrile have a gelation effect at higher temperatures cor- 
responding to the temperature of their thermal breakdown. 

The problem of the role of accelerators in the process of vulcanization with sylfur. 
—Up to recent times, the action of accelerators in the process of vulcanization 
with sulfur has usually been regarded as a catalytic action. The following 
scheme has been advanced in explanation of the effect’: 


Accel. +S ————> (Accel.---S) ————> Accel.+S (Active) 


This theory assumes the initial formation of a complex (Accel.---S) which 
subsequently breaks down with regeneration of the accelerator and separation 
of sulfur in an active form. Addition of the latter by some mechanism or 
another is accompanied by a vulcanizing effect. 

B. A. Dogadkin® suggests that vulcanization can also go without the step of 
separation of active sulfur as a result of direct reaction of the rubber with the 
complex: 


(Accel. - + -S) + rubber ———> vulcanizate + Accel. 


In this case again, the accelerator functions as a catalyst of the process. 

We shall now consider the various types of known organic vulcanization 
accelerators in the light of the possible participation of radical reactions. 

The Ist group of vulcanization accelerators are substances capable of thermal 
breakdown to free radicals, for example, thiurams and compounds of the type 
of dibenzothiazoly! disulfide, the structure of which is similar to that of acyl 
peroxides. Compounds of this type can break down to free radicals at tem- 
peratures of 100° and higher”. They easily add on to double bonds to give a 
polymerizing effect or they split off hydrogen from the rubber or solvent with 
transition to the corresponding thiols. This group of accelerators of vulcani- 
zation with sulfur should evidently also include accelerators of the type of 
polysulfides, as well as sulfenamide accelerators, containing an unstable S—N 
bond, such as benzothiazolyl-2-sulfendiethylamide (Vulcacit A-). Compounds 
of this type, as we know from experience with diazothio compounds, are capable 
of initiating the process of polymerization in emulsions, even in a homogeneous 
medium". The known ability of MBTS and sulfenamide accelerators to dis- 
sociate into free radicals enabled B. A. Dogadkin to regard vulcanization under 
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the influence of such compounds in the absence of sulfur as a process akin to 
polymerization”. 

Representatives of the 2nd group of vulcanization accelerators are mercap- 
tans, dithiocarbamates and their amine salts, various primary, secondary and 
tertiary amines (ethylenediamine and its alkyl derivatives, ethanolamines, 
guanidines), products of condensation of amines with aldehydes, p-phenylenedi- 
amine, etc., hydroxyaldehydes, hydroxyketones such as glucose, fructose and 
benzoin, and polyhydric alcohols. We established the accelerating effect of 
hydroxycarbonyl compounds upon the process of vulcanization with sulfur 
with reference to rubbers of various types. 

In our opinion, the mechanism of the action of the 2nd group of accelerators 
of sulfur vulcanization (mercaptans, amines and hydroxycarbonyl compounds) 
can be explained on the basis of the known role of such compounds in various 
oxidation-reduction systems used for the initiation of radical processes. All 
these compounds are characterized by reducing properties and by the ability, 
under specific conditions, to quickly react with peroxides or oxygen with mani- 
festation of polymerizing or structuring effects and of oxidative destruction of 
polymers!4,15.16. The following scheme illustrates the general role of the sys- 
tems with participation of peroxides: DH. + ROOH— ‘DH + H.0O + RO’, 
where DH; is a reducing agent. Reactions of this type, accompanied by sepa- 
ration of water or other products, are energetically more favored than direct 
thermal breakdown of peroxides, and they proceed at lower temperatures. 

It was shown above that many representatives of the 2nd group of accelera- 
tors react with sulfur at temperatures considerably below the temperature of 
thermal breakdown of 8s, and form considerable amounts of hydrogen sulfide. 


Some of them, for example ethylenediamine and ethanolamines, reduce sulfur 
to hydrogen sulfide, even at 50—-70° and bring about a structuring effect under 
suitable conditions. The following scheme may be advanced to account for 
the action of many accelerators of sulfur vulcanization which react with sulfur 
with formation of hydrogen sulfide: 


1 _, D+H,S; 
DH, + Sx — > ‘SH—>H,S. 
2 ™ D+HS,H 


Initiation of the process of vulcanization is evidently bound up, just as in 
oxygen systems, with the intermediate stages of the reaction. This view is 
supported by our observation that hydrogen persulfide causes vulcanization of 
a polymer on decomposing in hydrocarbon solution. In the absence of vul- 
canization accelerators, the role of reducing agent is played by the polymeric 
chain itself, as is confirmed by the formation of hydrogen sulfide, mercaptans 
and sulfides on reaction of cyclohexene or other unsaturated hydrocarbons with 
sulfur at a temperature of about 140°. This reaction evidently proceeds at the 
expense of the C—H bond in groups located in the a-position to the double 
bond. The poor efficiency of the process of sulfur vulcanization in the absence 
of accelerators is due to the low velocity of reaction of the polymer chain with 
sulfur. Hydroxycarbonyl compounds, ethylenediamine, ethanolamines and 
mercaptans react with sulfur at lower temperatures, and thus accelerate the 
process as a whole. Consequently, the primary initiation of the vulcanization 
process is due either to thermal breakdown of the initiator (1st group of ac- 
celerators), or to the oxidation-reduction reaction between vulcanization ac- 
celerators and sulfur, which leads to formation of ‘SH radicals. 
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TABLE IV 


CONTENT OF POLYSULFIDE SULFUR IN VULCANIZATES OF SKS-30A 
RUBBER IN PRESENCE OF MONOETHANOLAMINE 
AND ETHYLENEDIAMINE 


Sulfur content, % 
— 





— Relative amount of 
Total ; polysulfide sulfur 
Accelerator combined Polysulfide in % of total 


Diphenylguanidine 1.41 0.20 14.18 
Monoethanolamine 1.59 0.02 1.26 
Ethylenediamine 1.57 0.03 1.91 
Our earlier studies" on free-radical reactions with sulfur in model systems 
gave an insight into the mechanism of formation of mono- and polysulfide 
bonds in vulcanizates when the process was initiated by free radicals. Two 
courses are possible during vulcanization: 


i) RB +6, ———> RB.LR, 
2) R' + R,:SH(H.S) ———> RH + R,S'(HS’) 


In the absence of mercaptans and hydrogen sulfide, the reaction goes mainly 
by the first route, leading to formation of polysulfide bonds: 


~CH—CH~ + S, —> ~CH-CH~ 
| | 
R Ss R 


~CH—CH~ 
| | 


Sm R 
| 
saa ill 
R 


In presence of hydrogen sulfide and mercaptans, the reaction goes mainly by 
the second route with formation of monosulfide bonds. A chain mechanism of 
addition of hydrogen sulfide or mercaptans to olefins has been examined by 
Kharasch and other investigators!’. 

Our experimental results show that there is little formation of polysulfide 
bonds when using vulcanization accelerators that react with sulfur with libera- 
tion of a considerable amount of hydrogen sulfide (Table IV). 

It appears to us that the mechanism of vulcanizing action of nitro com- 
pounds and quinones can be approached on the basis of their behavior in re- 
actions with free radicals and reducing agents. The inhibiting effect of benzo- 
quinone in radical processes is governed by the following reactions”: 


Oo OD OD OD 


A » . A 
Jeo ( | m(), 

\/ \/ \ 

6 OD OH 


| 
( 
i 
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In reactions with reducing agents, benzoquinone passes into the correspond- 
ing derivatives of hydroquinone: 


om h va q :e 


r 
/ 


(eo “ff 0 ¢ 0-0) " 


Reaction (I), as we know, proceeds with facility under the influence of vari- 
ous reducing agents. Reaction (II) also goes easily between alkylhydroquinone 
and benzoquinone, because the oxidation-reduction potential of alkylquinones 
is appreciably lower than the potential of benzoquinone. If D is a polymer 
free radical and DH is a polymer chain, then reactions of the type of I and II 
must lead to structure-formation in the chain. Aromatic nitro compounds are 
inhibitors of radical processes, and the intensity of the effect increases with 
increasing number of nitro groups'®. The intensity of the vulcanizing effect 
also increases in the same order’. 

Aromatic nitro compounds belong to the type of quinoid inhibitors of radical 
processes because of the two types of reactions leading to inhibition: R’ + AH 
— RH + A’ and R* + AH—RAH (where A* and RAH are considerably less 
active than R°), only the second mechanism of the quinoid type is realized with 
nitro compounds. This was demonstrated by the quantitative capture of a 
methyl radical by trinitrobenzene without formation of methane’. Conse- 
quently, what has been said about a possible mechanism of the vulcanizing 
action of quinones is also applicable to polynitro compounds. 

Experimental procedure and analytical methods.—a) Experiments on the vul- 
canizing action of systems with participation of SO. were performed with 5% 
solution of butadiene rubber, stabilized with phenyl-2-naphthylamine. Am- 
poules were filled in absence of oxygen. The ampoules were evacuated with an 
oil pump, and then filled with gaseous SO2, following which the solution of 
rubber with reducing agent was fed into the ampoules against a back-pressure 
of SO.; the ampoules were then sealed off. In the case of systems containing 
H.S, the ampoules were pumped out, filled with inert gas, and charged with a 
solution of rubber and other components in an inert atmosphere; the ampoules 
were then cooled, rapidly pumped out, filled with hydrogen sulfide and sealed 
off. 

The ampoules were charged in a stream of inert gas when studies of the 
vulcanizing action of dimercaptans, in presence of various inhibitors, were being 
undertaken. 

b) Study of the reaction of sulfur with various compounds. The reaction was 
studied in xylene solution, and sometimes in a xylene-pyridine mixture in the 
ratio of 70:30 by volume at temperatures of 80-160°. The sulfur content of 
the solution was | wt. %, and the substances under test were taken in equimolar 
amounts in relation to sulfur. Experiments were carried out in sealed ampoules. 
After completion of the heating, the ampoules were cooled to —70° and opened. 
The amount of H.S formed was determined by the argentometric method”, 
or by the iodometric method*!. In the first case a definite volume of reaction 
mixture was put into a flask (ground-glass stopper), containing 0.05 N AgNOs 
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solution, the mixture was shaken 1 minute, and the excess of AgNO; was 
titrated with 0.05 N ammonium thiocyanate solution. In the second case, a 
nitrogen stream was passed through the reaction mixture (at first with cooling 
and later with heating) for complete removal of dissolved hydrogen sulfide. 
The latter was absorbed by cadmium chloride solution. At the end of the 
reaction, a definite volume of 0.1 N iodide-iodate solution and HCl was run into 
the CdS suspension. The iodine that did not enter into reaction was titrated 
with 0.05 N hyposulfite solution. 

It should be mentioned that the argentometric method of determination of 
hydrogen sulfide in the products of reaction of sulfur with amines gives 
higher results than the iodometric method. It may be assumed that the first 
step in the reaction of sulfur with amines which, in some cases, goes even at room 
temperature, is the formation of a complex in which the hydrogen of the amino 
compound is already partly in the ionized state. On addition of silver nitrate 
solution, a precipitate of silver sulfide is immediately formed. The iodometric 
method (with cadmium salts) is based on the determination of only the evolved 
hydrogen sulfide. 


SUMMARY 


1. The reaction between trichlorothiophenol or dienols and SO, brings 
about vulcanization of rubber without separation of elemental sulfur. The 
mechanism of the Peachey process of rubber vulcanization is examined on the 
basis of concepts of the role of intermediate products of the reaction—free 
radicals. 

2. Sulfur is found to react with many vulcanization accelerators with forma- 
tion of considerable amounts of hydrogen sulfide. It is shown that hydroxy- 


carbonyl compounds, which reduce sulfur to hydrogen sulfide, play the part of 
accelerators of sulfur vulcanization. Thermal breakdown of hydrogen per- 
sulfide leads to vulcanization of rubber. 

3. The experimental data are applied to the consideration of the mechanism 
of the action of accelerators of sulfur vulcanization and of the mechanism of 
formation of mono- and polysulfide bonds. 
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OXIDATION-REDUCTION SYSTEMS FOR INITIATION 
OF RADICAL PROCESSES. VI. SYSTEMS INVOLVING 
OXYGEN FOR INITIATION OF OXIDATIVE 
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EK. I. Tinyaxova, B. A. Do_GopLoskK, AND V. N. Reixu 


InstiTuTe For Hiegh Motecutar Weicut ComPpounpDs 
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Investigation of the action on solutions of rubber of oxidation-reduction 
systems consisting of peroxides and various reducing agents has established that 
in an atmosphere of inert gas these all induce building-up processes; in the 
presence of oxygen the same systems efficiently initiate a process of oxidative 
degradation!. These two processes are the same in nature as competing chain 
reactions of polymerization and oxidation. The proportion between them de- 
pends chiefly on the concentration of oxygen. 

The present report is devoted to investigation of the effectiveness, and the 
mechanism of action, of oxidation-reduction systems in which the formation of 
the initial active centers depends on the reaction of oxygen with various reduc- 
ing agents. The propagation of the chain in this case always occurs in the 
presence of excess oxygen, which guarantees the suppression of building-up 
processes. It is important that in systems of this type, the initiation must be 
accomplished at the expense of radicals with a reactive center on oxygen (HO’ 
or HO,’), which fact can to a large extent determine the nature of the initial 
reactions with the polymer (splitting of a C—C bond, abstraction of a hydrogen 
atom, or addition to a C=C bond). 


COMPOSITION AND EFFECTIVENESS OF THE SYSTEMS 


Degradation of polymers under the influence of hydrogen peroxide.—It is known 
that a number of compounds of the type of polyphenols, dienols, hydroxy ke- 
tones, hydrazo compounds, and others, can under suitable conditions be oxidized 
by molecular oxygen with formation of hydrogen peroxide?*. Oxidation of 
hydrazobenzene or 2-ethylhydroxyanthracene is recommended as a method of 
preparation of highly concentrated hydrogen peroxide®*. In many cases 
hydrogen peroxide is not detected as an intermediate product, because of its 
rapid decomposition as a result of reaction with the substrate, or because of the 
influence of heavy metals®. 

In connection with the possibility of formation of hydrogen peroxide as an 
intermediate oxidation product, it seemed necessary to investigate first the 
kinetics of dissociation of hydrogen peroxide in hydrocarbon media, and the 
nature of its action on solutions of rubber. Figure 1 shows our results on the 
kinetics of dissociation of HO, in solution (in a mixture of 77% toluene and 
23% pyridine). In the absence of reducing agents or of iron salts, hydrogen 
peroxide is stable at 50°. Introduction of small quantities of iron naphthenate 
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-Influence of Fe+*+*+ naphthenate on the decomposition rate of H2O:2 in hydrocarbon solution. 


Fia. 1. 
f Fe*+** naphthenate; 3) 50°, 1.0 mole% of Fet** 


1) 50°, without Fe+*+* naphthenate; 2) 50°, 0.2 mole% o 
naphthenate; 4) 20°, 1.0 mole% of Fet** naphthenate. 


(0.2 mole% with respect to the hydrogen peroxide) causes a fairly rapid de- 
The decomposition rate increases markedly with 


composition of the peroxide. 
This process also proceeds very 


a higher concentration of ferric naphthenate. 
rapidly at 20° (Curve 4). 

The data show that, in contrast to organic hydroperoxides, which decom- 
pose in hydrocarbon solutions under the influence of ferric naphthenate only at 
comparatively high temperatures (above 70°), the decomposition of hydrogen 
peroxide under the same conditions proceeds at a temperature of 20°. The 
decomposition of hydrogen peroxide in hydrocarbon solvents under the influence 
of ferric naphthenate initiates degradation of rubber in solution at 50° (Figure 
2). In the absence of iron naphthenate, degradation of SKB butadiene rubber 
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Fic. 2.—Degradation of butadiene!? and styrene-butadiene? rubbers in solution in the presence of 
1) H202; 2) Hx02+20 mole% of Fet*++ naphthenate; 3) H2O:. 


hydrogen peroxide at 50°. 
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practically does not occur (Curve 7). Introduction of 10 mole % of iron 
naphthenate, based on the hydrogen peroxide, leads to a rapid decrease of the 
viscosity of the solution (Curve 2). Degradation of styrene-butadiene rubber 
containing small amounts of the iron salt also proceeds very rapidly (Curve 3). 

Thus the free radicals arising from the decomposition of hydrogen peroxide 
initiate the process of degradation of unsaturated polymers. 

Formation of hydrogen peroxide during oxidation of hydrazine derivatives, and 
the degradation effect—Although phenylhydrazine and its derivatives have long 
been recommended for acceleration of oxidative degradation of rubbers, the 
mechanism of their action has remained unexplained up to now, and a purely 
catalytic action is usually ascribed to them®. We have approached the investi- 
gation of this question from the assumption that the initiation of the process 
depends directly on reactions of oxidation of the hydrazine derivatives by oxy- 
gen. For example, it is known that oxidation of hydrazobenzene in alcoholic 
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Fia. 3.—Degradation of SKB butadiene rubber in solution under the influence of phenylhydrazine 
(PH) and iron naphthenate at 50°. 1) PH; 2) PH+10 mole% of Fe+++ naphthenate; 3) PH +10 mole% 
of Fe+++ naphthenate+Neozone D (| moment of introduction of Fe+t*+*+ naphthenate) [Translator’s 
note: sic, but the preceding material in parentheses obviously should refer to Curve 1]; 4) Nz, PH; 5) Ne, 
PH, and Fett+ naphthenate. 


or benzene solutions proceeds quantitatively with formation of hydrogen per- 
oxide”. We obtained a 22% (of the theoretical) yield of H.O» from oxidation 
of hydrazobenzene in ethylbenzene solution at 20°. The low yield of H.Oz is 
explained by its decomposition owing to reaction with hydrazobenzene. Intro- 
duction of iron naphthenate leads to some acceleration of the absorption of 
oxygen, but in this case practically no hydrogen peroxide is detected among the 
reaction products, a fact which is obviously connected with the destruction of 
hydrogen peroxide under the influence of iron naphthenate. We have estab- 
lished that oxidation of phenylhydrazine in hydrocarbon solution by molecular 
oxygen also leads to formation of hydrogen peroxide. In one hour at 20°, the 
yield of hydrogen peroxide amounted to 40% of the theoretical. In this case 
also, introduction of iron naphthenate leads to a sharp reduction of the yield 
of hydrogen peroxide, because of its decomposition. 

Phenylhydrazine and hydrazobenzene induce very effectively the degrada- 
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tion of rubber in solution in the presence of oxygen, as can be seen from the 
data in Figures 3 and 4. In the presence of phenylhydrazine and oxygen the 
degradation of SKB butadiene rubber proceeds slowly—in 2.5 hours the vis- 
cosity of the solution decreases by only 24%. Upon the additional introduction 
into the system of iron naphthenate in the amount of 10 mole % based on 
phenylhydrazine (as indicated by the arrow) the viscosity of the solution of the 
polymer drops sharply (Curve Ja). A similar effect is observed upon simul- 
taneous introduction into the system of the same amounts of phenylhydrazine 
and iron naphthenate (Curve 2). Introduction into the rubber of an oxidation 
inhibitor, PBNA (phenyl-2-naphthylamine) (1%), does not influence the rate 
of degradation (Curve 3). 

Curves 4 and 6 (Figure 3) show the kinetics of degradation of rubber in the 
presence of phenylhydrazine, or phenylhydrazine in combination with iron 
naphthenate, in an atmosphere of nitrogen. A certain minor decrease in the 
viscosity of the solution, observed at the beginning of the process, is apparently 
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Fic. 4.—Degradation of SKS-30 styrene-butadiene rubber in solution in the presence of phenylhydrazine 
(PH) or hydrazobenzene (HB) at 50°. 1) HB+10 mole% of Fett+*+ naphthenate; 2) without added ma- 
terial; 3) PH+ 10 mole % of Fet** naphthenate. 


due to traces of peroxides and of oxygen present in the rubber. Degradation 
of butadiene rubber proceeds very rapidly under the influence of phenylhy- 
drazine and iron naphthenate—in 5 minutes the viscosity of the solution is 
lowered to 9% of the initial value (Figure 4, Curve 3). The system consisting 
of hydrazobenzene and iron naphthenate, in the presence of oxygen, also shows 
a similar effect (Curve 1, Figure 4). 

The phenylhydrazine or hydrazobenzene, on being oxidized by molecular 
oxygen with formation of hydrogen peroxide, induces effectively the degradation 
of rubber in solution. The act of oxidation of hydrazobenzene or phenylhy- 
drazine with formation of hydrogen peroxide does not itself involve participa- 
tion of the iron salts. 

Reversible systems reacting with participation of lower-valent salts of metals of 
variable valence. a) Systems involving dienols.—Diethyl dihydroxymaleate in 
hydrocarbon solution absorbs oxygen very rapidly; at 50° reaction is complete 
in 6 hours. In this case also the reaction is accompanied by formation of small 
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Fia. 5.—Kinetics of interaction of H:O: with reducing agents at 20°. 1) H2O2+10 mole% of Fettt 
naphthenate; 2) H202+100 mole% of dihydroxymaleic ester; 3) HxO2+100 mole% of HB. 


amounts of hydrogen peroxide. In 2 hours at 20° the yield of the latter amounts 
to 3.4% of the theoretical. The small yield of hydrogen peroxide on oxidation 
of diethyl dihydroxymaleate is explained by the decomposition of the former 
by interaction with the starting dienol. The long contas time of the compo- 
nents, in connection with the low velocity of oxidation, favors this decomposition. 
At 20°, with an equimolecular ratio of hydrogen peroxide and dienol, only 57% 
of the peroxide is found in the system after 10 minutes (Figure 5). Introduc- 
tion of iron naphthenate leads to a sharp increase in the rate of absorption of 
oxygen. 

The system containing diethyl dihydroxymaleate in the presence of oxygen 
induces degradation of rubber (Figure 6), which obviously occurs at the ex- 
pense of intermediate products arising during reaction of the resulting hydrogen 
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Fie. 6.—Degradation of butadiene'.? or styrene-butadiene* rubbers in ethylbenzene solution under the 
influence of diethyl dihydroxymaleate (DDM) at 50°. 1 and 8) DDM; 2) DDM+10 mole% of Fet*tt 
naphthenate; 4) DDM +5 mole% of Fet** naphthenate. 
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Fic. 7.—Kinetics of oxidation of benzoin in ethylbenzene solution at 50°. 1) Without Fe+++ naphthenate; 
2) 10 mole% of Fet*+* naphthenate; 3) 100 mole% of Fe*+*+* naphthenate. 


peroxide with the ester, for example, according to the reaction 


| | 

C—OH + HO—OH C—O’ + ‘OH + H:0 
| nace 

C—OH : -~OH 
| 


Introduction of iron naphthenate into the solution of rubber leads to a sharp 
increase in the rate of degradation (Curves 2 and 4, Figure 6). 

b) The system involving benzoin. In contrast to the examples considered 
above, benzoin at 50° in hydrocarbon solution is not oxidized by oxygen (Fig- 
ure 7, Curve 1). Upon introduction of 10 mole % of ferric naphthenate, with 
respect to the benzoin, absorption of oxygen begins (Curves 2 and 3). The 
system with benzoin and iron naphthenate can be employed effectively for 
oxidative degradation of rubber in solution (Figure 8). In the absence of iron 
naphthenate (Curve /) neither absorption of oxygen nor change in the viscosity 
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Fic. 8.—Degradation of SKB butadiene rubber in solution under the influence of the benzoin system 
at 50°. 1) Without added material; 2) benzoin+10 mole% of Fet*+ naphthenate; 3) benzoin +10 mole% 
of Fe++*+ naphthenate +PBNA. 








OXIDATIVE DEGRADATION 237 


of the solution is observed. Iron naphthenate markedly accelerates the de- 
gradation of the polymer (Curve 2).. Introduction of phenyl-2-naphthylamine 
leads to a substantial decrease in the rate of absorption of oxygen, and, corre- 
spondingly, in the rate of degradation (Curve 3, Figure 8). 

The inhibiting action of phenyl-2-naphthylamine on the degradation of the 
rubber is probably explained by the formation of quinoid oxidation products, 
which act as inhibitors of radical chain processes’. It must be noted that the 
indicated amine does not inhibit the degradation in those cases in which the 
system contains stronger reducing agents, such as, for example, phenylhy- 
drazine or dihydroxymaleic ester; this is apparently explained by reduction of 
the quinoid oxidation products to benzenoid substances, and elimination in this 
way of the inhibiting action. 


\ 


c) Systems involving polyphenols. We chose di-tert-butylhydroquinone, 
OH 
C(CHs); 
(CH3)3C 
OH 
as a polyphenol soluble in hydrocarbons and compatible with rubber. Its 


solution in ethylbenzene at 50° does not absorb oxygen. Reaction begins only 
upon introduction of iron naphthenate into the system (Figure 9). In full 
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Fic. 9.—Kineties of oxidation of di-tert-butylhydroquinone (1, 2) and trichlorothiophenol (3, 4) in 
ethylbenzene solution at 50°. / and 3) Without Fe**t* naphthenate; 2 and 4) 10 mole% of Fe+t*+* naph- 
thenate. 


agreement with these results, the system with di-tert-butylhydroquinone is 
active, with respect to oxidative degradation of rubber, only in the presence of 
iron naphthenate (Figure 10). Actually, the viscosity of a solution of styrene- 
butadiene rubber containing only di-tert-butylhydroquinone remained practic- 
ally unchanged over 3 hours, and only the introduction of iron naphthenate in 
the amount of 10 mole % with respect to the di-tert-butylhydroquinone leads 
to a marked decrease in the viscosity of the solution. 

System containing sulfhydryl compounds.—For acceleration of thermooxida- 
tive milling of rubbers, the use of a group of sulfhydryl compounds—trichloro- 
thiophenol (Renacit No. 2), mercaptobenzothiazole (MBT), and others—is 
usually recommended. For the example of trichlorothiophenol, we have shown 
that the mechanism of its action is analogous to the mechanism of action of the 
systems involving benzoin or polyphenols, considered above. At 50° oxidation 
of trichlorothiophenol proceeds only in the presence of iron naphthenate. Tri- 
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Fic. 10.—Kinetics of degradation of styrene-butadiene rubber in solution in the presence of di-tert- 
butylhy droquinone (1, 2) or trichlorothiophenol (8, 4) at 50°. 1 and 3) Without Fet+++ naphthenate; 2 and 
4) 10 mole% of Fet** naphthe nate. 


chlorothiophenol reduces ferric naphthenate to ferrous comparatively easily. 
At 20°, about 30% of the theoretically possible amount of ferrous iron is found 
after 20 minutes. In complete agreement with the results on oxidation of tri- 
chlorothiophenol, the degradation of rubber at 50° proceeds only in the presence 
of trichlorothiophenol and iron naphthenate together. 

Degradation of saturated polymers.—Oxidation-reduction systems involving 
reducing agents and ferric naphthenate initiate degradation, not only of un- 
saturated polymers, but also of a number of saturated ones, for example, poly- 
isobutylene. Figure 11 shows the change in the viscosity of a solution of poly- 
isobutylene at 50° in the presence of a system containing benzoin, iron naph- 
thenate, and oxygen. The process occurs only in the presence of all the com- 
ponents together. In the absence of one of the components the viscosity of 
the solution does not change. Degradation of polyisobutylene apparently is 
due to breaking of the chain at a C—C bond by interaction with free radicals. 
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Fria. 11.—Degradation of polyisobutylene in solution in an atmosphere of oxygen'.? or nitrogen..4 
1) Without added material, 50°; 2) benzoin+Fe*** naphthenate, 50°; 3) benzoyl peroxide +DDM +10 
mole% of Fet++ naphthenate, 20°; 4) benzoyl! peroxide +benzoin +10 mole% of Fet+++ naphthenate, 20°. 
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The energetic advantage of the reaction is due to the formation of the com- 
paratively stable tertiary radical. The likelihood of rupture, under the in- 
fluence of aliphatic radicals in the absence of oxygen, of the C—C bonds of the 
central chain has been shown earlier®.’. 

We have shown that a similar result is obtained with oxidation-reduction 
systems at lower temperatures. In the absence of oxygen, those systems which 
induce building-up of unsaturated polymers! lead to the degradation of polyiso- 
butylene (Figure 11). This effect is observed in the action, on polyisobutylene 
solutions, of benzoyl peroxide in combination with benzoin or diethyl dihy- 
droxymaleate and iron naphthenate (Curves 2 and 3, Figure 11). 


MECHANISM OF ACTION OF THE SYSTEMS 
CONTAINING NO PEROXIDES 


It is established by the present investigation that degradation of polymers 
by the agency of oxidation-reduction systems proceeds, in a number of cases, 
through a stage of formation of hydrogen peroxide, which decomposes under the 
influence of iron salts. These systems are characterized by the fact that the 
first stage of oxidation with formation of hydrogen peroxide does not involve 
the iron salts. To this type belong the systems containing hydrazobenzene, 
phenylhydrazine, and in part the dienols. Decomposition of peroxides under 
the influence of ferric salts in hydrocarbon or aqueous media proceeds incom- 
parably more slowly than under the influence of ferrous salts. For example, 
decomposition of phenylisopropyl hydroperoxide under the influence of ferric 
salts in aqueous solutions proceeds at an observable rate only at about 50°, in 
hydrocarbon media at about 100°. The decomposition of this hydroperoxide 
by the agency of ferrous salts occurs practically instantaneously even at —70°. 
Although the rate of decomposition of H.O» differs materially from the rate of 
decomposition of organic peroxides, it may be noted that in this case also the 
reaction with Fe** occurs incomparably faster than with Fe***. The presence 
in the system of reducing agents capable of transforming Fe*** to Fe** at a 
sufficient rate should therefore lead to acceleration of the decomposition of 
hydrogen peroxide. 


Fet++ + HOOH ———> Fet++ + ‘OH + HO- (1) 
Reducing agent + Fe+++ ———-> Fe** (2) 


By the agency of dienols or hydroquinone, reaction (2) in aqueous solution 
takes place practically instantaneously. We have investigated this reaction in 
hydrocarbon solution, for example, with benzoin, diethyl dihydroxymaleate, or 
trichlorothiophenol. Reduction proceeds very rapidly at 20-50°. Direct 
reaction between hydrogen peroxide and hydrazobenzene, as has been shown 
(Figure 5), proceeds at a markedly lower rate than the reaction of hydrogen 
peroxide with iron salts. 

From this it is possible to state that in a system composed of reducing agent, 
hydrogen peroxide, and iron salts the main reactions are (1) and (2). Here 
also is found the reason for the accelerating influence of reducing agents in the 
presence of ferric iron on the decomposition of hydrogen peroxide in solution. 

In a number of systems, for example, in the system containing dihydroxy- 
maleic ester, the ester reacts with hydrogen peroxide at a sufficient rate. In 
this case, simultaneously with the main reactions (1) and (2), the reaction be- 
tween the organic reducing agent and the peroxide becomes important. 
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Systems in which the oxidation occurs only by the agency of salts of metals 
of variable valence belong to a second type. In these systems, consisting of 
reducing agent, a salt of ferric iron, and oxygen, the first act is undoubtedly 
reaction between the reducing agent and Fe***, which proceeds with sufficient 
velocity : 

DH, + 2Fe+++ ———> D: + 2Fet+ + 2H+ 


where DH, is the reducing agent. The second step is the step of oxidation of 
ferrous naphthenate, which proceeds at a very high rate in ethylbenzene solu- 
tion, even at 0°. 

The rate of oxidation of ferrous naphthenate is apparently determined only 
by the rate of diffusion of oxygen. Under conditions of continuous mixing, 
97% of the theoretically possible amount of oxygen was absorbed in 3 minutes 
at 0° (Figure 12). Under the same conditions, solutions of such reducing 
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Fig. 12.—Kinetics of absorption of oxygen 1) by a ferrous naphthenate solution at 0°, and 2) by an 


ethylbenzene solution containing equivalent amounts of benzoin and ferric naphthenate at 40°; 3) kinetics 
of reduction of ferric naphthenate by benzoin at 40°. 


agents as benzoin, di-tert-butylhydroquinone, and others, absorb practically no 
oxygen in the absence of iorn. This circumstance shows clearly that oxidation 
of such reducing agents by oxygen occurs only by the agency of the iron salts. 

Reduction of ferric iron to ferrous is also the reaction which determines the 
overall rate of oxygen absorption. The kinetic curve of reduction of ferric 
naphthenate by benzene in ethylbenzene solution at 40°, with a ratio of two 
moles of iron to one of benzoin, coincides with the kinetic curve of oxygen ab- 
sorption of a solution containing the same amounts of the reagents (Figure 12). 

Several investigators assume that oxidation of ferrous salts leads, in an in- 
termediate step, to the formation of peroxidized forms of iron, possessing a 
higher oxidation potential than trivalent iron. Bray and Gorin" consider that 
this intermediate compound corresponds to the formula Fet*O. This possi- 
bility of formation of a yet more active peroxide as a result of an initial reaction 


Fet+ + 0. ——> Fe*+0, 


as claimed by Manchot, is not excluded, 
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These intermediate compounds should react with reducing agents more 
rapidly than the ferric salt (Fe***), with formation of free radicals 


DH, + Fe+*O ———> DH’ + Fe++ + ‘OH 
or 
DH, + Fet+O, ——> DH: + Fet+ + HO; 


In these reactions the same free radicals are formed as in the decomposition 
of hydrogen peroxide by the agency of iron salts. The formation of hydrogen 
peroxide appears in this case as a secondary process, occurring as a result of 
reaction of the HO) radicals with a reducing agent, or by recombination of two 
HO’ radicals. 

Thus, consideration of the problem leads us to two mechanisms of action of 
oxidation-reduction systems consisting of reducing agents, salts of metals of 
variable valence, and oxygen. 

First mechanism: 


Oz Fet++ 
DH, ———> H.0: ———> HO’ and HO;; 
1 2 
Second mechanism: 
DH: Oz DH: 
Fet*++ ———> Fet+ ———> Fe*+*O(Fet*+O.) ———~> HO’(HO;) + Fe*+ 
3 4 5 


Reaction (1) has been demonstrated experimentally, for example, with 
phenylhydrazine, hydrazobenzene, and dihydroxymaleic ester. Reaction (2) 
was investigated by Haber”. The radical nature of the products formed in 
this reaction is not particularly in doubt at the present time. Reaction (3), as 
we have shown earlier, also proceeds at a rapid rate in hydrocarbon media", 
Reaction (4), as shown in the present investigation, proceeds very rapidly in 
hydrocarbon media, but formation of the peroxidized forms of the iron salts as 
intermediate products has not been confirmed experimentally. Reactions (5), 
between the peroxidized forms of iron and the reducing agent, appear unques- 
tionable; nevertheless, the formation here of hydrogen peroxide, or free radi- 
cals corresponding to the products of decomposition of hydrogen peroxide, is 
not at present directly established experimentally. 

The first mechanism obtains in cases of the employment of compounds of 
the type of phenylhydrazine, hydrazobenzene, or dienols, which form hydrogen 
peroxide independently of the presence of iron salts in the system. The second 
mechanism is possibly predominant in all other cases, when the reducing agent 
itself is not capable of being oxidized by oxygen, and the process occurs only 
by the agency of iron salts. Systems containing benzoin, polyphenols, mer- 
captans, or other reducing agents which are not oxidized in the absence of iron 
naphthenate, may act thus. 

The experimental data presented show that the action of systems containing 
MBT or other mercaptan does not differ fundamentally from the other systems 
considered above. In the presence of iron salts soluble in the rubber, MBT, 
Renacit, or other reducing agent lead mainly to reduction to ferrous salts. 
The latter serve as “carriers” of oxygen, according to the equations presented 


above. Although in the present paper data are cited only for solutions of poly- 
mers, we have demonstrated fully the applicability of the established general- 
izations to the action of systems in the bulk polymer. 





242 RUBBER CHEMISTRY AND TECHNOLOGY 


The research clarifies the mechanism of initiation of the process, but does 
not solve the problem of the mechanism of degradation of the polymer chain. 
Although degradation of polyisobutylene and unsaturated polymers under the 
influence of free radicals in the absence of oxygen®® indicates the possibility of 
direct attack of free radicals on the C—C bond, the chief course of the primary 
reaction in all cases appears to be abstraction of an H atom from the chain. In 
the presence of oxygen the oxidation reaction 


R +0, ————» BO 


which leads to formation of hydroperoxide groups in the chain, must predomin- 
ate. Oxidative decomposition of the polymer may be associated basically with 
this course of reaction. 

The results obtained reveal the role of salts of metals of variable valency in 
the process of aging of polymers. The development of the process begins with 
reduction of the higher-valent salts of metals to the lower-valent. At low 
temperatures the reducing agents may be various impurities, or also the 
phenols or other compounds customarily employed for stabilization of the poly- 
mers. The example of di-tert-butylhydroquinone shows that in the presence of 
iron salts soluble in hydrocarbons, phenols do not act as stabilizers, but acceler- 
ate the development of the oxidative process. At higher temperatures the re- 
ducing agent is the polymer chain itself, where in these cases the act of reduction 
leads to formation of radicals which initiate the processes of building-up of the 
polymer or polymerization of the monomer". 


~CH.—CH=CH—CH2~ + Fe*** — 100° 
a) 


~CH—CH=CH—CH,~ + Fet+ + Ht 


This paper has shown that under suitable conditions, various oxidation- 
reduction systems in hydrocarbon media at low temperatures can initiate 
oxidative chain processes. Since the step of formation of the initial active 
centers usually determines the kinetics of the oxidation of the different com- 
pounds, it appears in principle possible to use oxidation-reduction systems for 
initiation of various oxidation processes at low temperatures. 


EXPERIMENTAL 


Determination of the action of oxidation-reduction systems on solutions of 
rubber was carried out by measurement of the viscosity of the solution. The 
experiments were performed in ampoule viscometers in oxygen. The diam- 
eter of the capillary was 2 mm, the length 50 mm. The work was done with 
technical SKB butadiene rubber and SKS-30 styrene-butadiene rubber, con- - 
taining PBNA (phenyl-2-naphthylamine). In a number of cases SKB buta- 
diene rubber containing no PBNA was used. The concentration of rubber in 
the solution amounted to 6-8% (average time of outflow 5-8 minutes). The 
solution of rubber containing the necessary amount of ferric naphthenate was 
introduced into a viscometer, which was filled with oxygen and attached to a 
gas burette containing oxygen. The viscometer was placed in a thermostat, 
where it was shaken continuously. After measurement of the initial time of 
outflow, the reducing agent was introduced into the viscometer. The con- 
centration of the reducing agent in the solution was 0.028 mole/liter; the con- 
centration of iron naphthenate, 5-20 mole% with respect to the reducing agent. 
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For investigation of the formation of hydrogen peroxide upon oxidation of 
reducing agents, a stream of oxygen was passed through the solution in ethyl- 
benzene, which was placed in a container with a sealed-in porous plate; the 
hydrogen peroxide formed was continuously washed out with water, and the 
solution was titrated with permanganate solution. 


SUMMARY 


The mechanism of action of various oxidation-reduction systems contain- 
ing organic reducing agents, iron salts, and oxygen, is investigated, and it is 
shown that in hydrocarbon media these systems are an effective source of free 
radicals at low temperatures. 

2. The possibility of utilization of these systems for initiation of a chain 
process of oxidative degradation of unsaturated and some saturated polymers, 
at low temperatures, is shown. 
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REDOX SYSTEMS IN THE INITIATION OF RADICAL 
PROCESSES. MECHANISM OF ACTION * 
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All redox systems now known can be divided into three types according to 
the mechanism of their action. The first group contains systems in which the 
reaction between the oxidizing and reducing agent is accompanied by the forma- 
tion of one radical, such as 


ROOH + Me ———> RO’ + Me**! + HO- 
ROOH + Met! ———> ROO’ + Me* + Ht 
Me"*! + RH ———> Me" + R’ + H* 


In these systems the ions of transition metals are involved. The reaction is 
always accompanied by a change of the metal valence state to a higher or lower 
oxidation state. 

The second group is characterized by a bimolecular reaction between the 
oxidizing and reducing agent, which is accompanied by the formation of two 
radicals, such as 

ROOH + AH ———> RO’ + H.O + A’ (4) 
The formation of a stable radical, A’, and of exothermic products of oxidation 
in these reactions gives a favorable energy factor. 

The systems belonging to the third group are those in which the reaction 
between the two components of the system does not lead directly to the forma- 
tion of free radicals. The primary reaction product is a new intermediate com- 
pound which is thermally less stable than the initial compounds and which 
dissociates easily into free radicals: 

ROOH + [(R:].NH ———> H.O0 + RO—N[R,], ———> RO’ + [Ri ],N’ (5) 
C.H;—NH—N=N—R + H:0 + CsH;NH: 

+ RN=N—OH ———> R' +N; +HO' 6) 


S; + AH: ———> A + HSSH ———> ‘SH (7) 


Apparently most systems belong either to the first group or to the third. This 
paper will limit itself to an analysis of various types of systems which can be 
used to initiate the radical processes in aqueous and hydrocarbon media. 


A. SYSTEMS FOR THE INITIATION OF POLYMERIZATION 
I. SYSTEMS OF THE FIRST GROUP 


Reversible systems with salts of transition metals—It was found by Wall and 
Swoboda that the polymerization process may be initiated in emulsions by 
* Reprinted from the Journal of Polymer Science, Vol. 30, Issue No. 121, July 1958, pages 315-330. 
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means of hydroperoxides in the presence of small amounts of iron salts, if re- 
ducing sugars are added!. The low efficiency of the reversible system contain- 
ing sorbose or glucose for initiation of polymerization at 0° C is due to weak 
reducing potencies of the sugars under these conditions. 

In order to obtain efficient systems, we used dihydroxymaleic and ascorbic 
acids, which are effective both in alkaline and acid media, as reducing agents”. 
The mechanism of action of these systems may be explained by the existence 
of following reactions: 


RO: + HO- 


ROOH 
——--> 
Fe?+(Cut) {8} Fe?+(Cu?+) 
oo“ 
—C—OH 
—t_on 


The direct interaction between hydroperoxide and dienols at 0 and —15° ¢ 
is very slow. This reaction, therefore, may be used to initiate polymerization 
only at temperatures higher than 0° C. The reaction of Fe** with hydroper- 
oxide and the reaction of Fe*+ with dienols in aqueous media at 0° occurs al- 
most instantaneously. In emulsions, the process is somewhat slower, because 
the components are separated in different phases and the reaction can take 
place only on the boundary surface. The initiation of the polymerization 
process occurs during the first stage. The reverse reduction of Fe*+ and Cu?+ 
by dienols does not lead to the development of radical processes. A fair cor- 
respondence between the kinetics of component interaction and polymerization 
proves a direct correlation between both phenomena’. In these systems the 
copper salts at very low concentrations (approx. 0.001% CuSO,4-5H.O) are 
more efficient than iron salts. If the copper salt concentration is increased to 
0.01—-0.2 per cent, the polymerization rate begins to slow down, and, at higher 
concentrations, a total inhibition of polymerization occurs. It is due to a 
rapid peroxide decomposition leading to a high radical concentration and short 
reaction chains in the initial reaction stage. The discussed system permits 
aqueous emulsion polymerization of dienes in acid and alkaline media at tem- 
peratures down to —50°%. 

Reversible systems containing peroxides or hydroperoxides, hydrocarbon 
soluble salts of transition metals, and organic reducing agents can be used to 
initiate polymerization in hydrocarbon solutions*®. The absence of water 
markedly slows down the reaction 


Met! ———-> Me” (10) 


In the case of benzoin, the reduction of Fe** is bimolecular with an energy of 
activation of 20 kcal/mole. The apparent energy of activation for the hydro- 
peroxide decomposition in the system 

hydroperoxide 
—~ 
(11) ‘ 
(12) (11-12) 
y ——_— 
benzoin 


is 18 kcal/mole as compared to 28 kcal/mole for thermal hydroperoxide decom- 
position. 
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Fic.1.—Kinetics of styrene polymerization (1, 2, 3, 4) and kinetics of cumene hydroperoxide decom- 
position (1’, 2’, 3’, 4’) in the presence of metal naphthenates at 70° C. (1,1’) Without metal. (2, 2’) 0.1 
mole-% cupric naphthenate with respect to hydroperoxide. (3, 3’) 0.1 mole-% cobaltous naphthenate with 
respect to hydroperoxide. (4, 4’) 10.0 mole-% manganous naphthenate with respect to hydroperoxide. 


Since this value lies very close to the data found for activation energies of 
the overall reaction, it is evident that reaction (2) rules the overall kinetics of 
the system. The use of stronger reducing agents, such as diethylester of di- 
hydroxymaleic acid®, enhances the efficiency of redox systems. Systems com- 
posed of hydroperoxide with small quantities of salts of transition metals with- 
out reducing agents are of special interest. Above 40° C naphthenates of Co, 
Cu, Pd, Mn, Ag, Pb, Cr, Ni, and Fe cause decomposition of hydroperoxides in 
hydrocarbon media and initiate polymerization (Figure 1) and oxidation 
processes. The polymerization activity of metals in the above series decreases 
from Co to Fe. The concentration of the naphthenates of Cr, Ni, or Fe must 
be about 50 mole-per cent with respect to the hydroperoxide content to provide 
the required reaction rate at 70° C. With the naphthenates of Co, Cu, and Pd, 
the same result can be achieved at a salt concentration of 0.1 mole-per cent with 
respect to the hydroperoxide content. Investigation of the reaction mechanism 
has shown that, in these systems, a reversible cycle of intermittent metal oxida- 
tion and reduction by hydroperoxide takes place®. 


RO’ + HO- 


oa 
———— 


(13) 
Me* Me*+! (13-14) 
(14) 


—— 
rs ROOH 


RO,” + H+ 


Reaction (14), in which the hydroperoxide acts as the reducing agent, leads to 
the formation of the radical RO:. If the process is carried out in isopropyl- 
benzene or in another similar solvent, the reaction (14) will lead to regeneration 
of hydroperoxide: 


RO, + AH ——— ROOH + A’ (15) 
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If the decomposition takes place in benzene, where such a step is less prob- 
able, the reaction takes place with evolution of oxygen, yielding 0.35 mole O, 
per mole of hydroperoxide®. The overall process rate is determined by the 
kinetics of reaction (14). With salts of Co, Cu, Mn, and Pd, this reaction is 
observable from 40° C, and with the remaining metals (Fe, Ni), from 70-80° C. 
The cumene hydroperoxide does not show any reducing properties at lower 
temperatures, and its decomposition follows the stoichiometric equations only 
with metal salts in the lower oxidation states. The results obtained permit 
consideration, from the same point of view, of the mechanism of hydrogen 
peroxide decomposition which takes place in the presence of heavy metal salts. 
Reaction (14) takes place at low temperatures, due to the strong reducing prop- 
erties of the hydrogen peroxide. In this case, oxygen evolution is clearly 
caused by disproportionation of the free radicals: 


HO’ + HO; ——> H.0 + 0, (16) 


Systems containing salts of transition metals as oxidizing agents ——Probably 
the reduction of Fe*+ by dienols cannot be used to initiate polymerization, as 
the salts of iron and other metals form complex compounds with dienols. Thus 
the reaction takes place without the formation of free radicals: 


Fe?+ 


| Fer+ oe | + 2 Fe?+ 
C—OH Nl 


If the reducing agent does not form complex compounds with the metal salts 
present, the reaction can be used to initiate radical processes, e.g., the reduction 
of Fe*+— or Cr*+— naphthenates by hydrocarbons at 100° C initiates the poly- 
merization of isoprene in an homogeneous medium’: 


~CH.—CH=CHR + Fe** (naphth.); ———~> 
~CH—CH=CHR + Fe?* (naphth.)2 + naphth. acid (19) 


The kinetics of this process depend only on the concentration of the higher- 
valency metal salts in a wide range of their concentrations (up to 30%). The 
reduction of ferric naphthenate by an unsaturated polymer chain in the ab- 
sence of monomer and oxygen starts a crosslinking process in the polymer. 
This formation of initial activation centers must be kept in mind when analyzing 
the role of salts of transition metals in the initiation of oxidation processes. 


Il. SYSTEMS OF THE SECOND GROUP 


The bimolecular reaction between the oxidation and reducing agents leads, 
in this case, to the formation of two free radicals. In this group, the system 
containing hydroquinone is of both theoretical and practical interest. This 
system is used in the Soviet industry to initiate emulsion polymerization at 
bs De 

It is generally known that*hydroquinone and other analogous compounds 
are used to inhibit various radical processes, particularly polymerization. The 
inhibiting action is due to the stable semiquinone radicals which accumulate in 
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the system. Thus, the reaction cannot be effectively used to initiate poly- 
merization. However, the addition of a third component (sulfites, bisulfites, or 
other compounds which reduce the quinoid oxidation products to benzenoid 
ones) removes this difficulty. The mechanism of the systems action can be 
shown as follows: 


OH _ROOH 


(20) 
+ RO’ + H,0 (20-21) 
ae. 


OH ay 7 
ware. acids 


Reaction (20) occurs in an aqueous alkaline medium with noticeable velocity 
already at —15°C. It can be accelerated substantially by ammonia, pyridine, 
or quinoline. These compounds undergo no chemical change during the proc- 
ess, but influence the reactivity of hydroquinone by formation of complexes’. 

Reaction (21) is practically instantaneous and leads to the formation of hydro- 
quinone and of its sulfonated derivatives. The direct interaction of hydroper- 
oxide with sulfites is, in this system, but of little importance, as proved by the 
presence of only insignificant quantities of sulfates in the oxidation products. 
The role of individual components of the system in polymerization initiation 
at 0° C is shown in Figure 2. In this system, hydroquinone may be replaced 
by benzoquinone; the initiation effect remains unchanged. 


III. SYSTEMS OF THE THIRD GROUP 


Systems containing diazoamine compounds.—A diazoaminobenzene system 
with activators was the first to be used to initiate an emulsion polymerization”. 


60 
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Fic. 2,—The effects of individual reactions in initiation of polymerization at 0° C. (1) Cumene hydro- 


peroxide aoe sulfite. (2) Cumene hydroperoxide-hydroquinone. (3) Cumene hydroperoxide-sodium 
sulfite-hydroquinone. 
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The decomposition of aliphatic-aromatic triazenes in an aqueous emulsion is 
also substantially accelerated by means of various activators"'”. It was found 
that hydroquinone, ascorbic acid, and ferrous and ferric sulfates undergo no 
changes during the decomposition of triazene, even if the latter is present in 
excess. Investigation has shown that the mechanism in the presence of tri- 
azenes is as follows: 


H:0 


fo wr 
initiation of CH;0H 
polymerization recombination 


(22-24) 


Carbohydrates, hydroquinone, dienols, and other activators catalyze the addi- 
tion of water to triazene (reaction (22)). This reaction determines the kinetics 
of the overall process. Reaction (23) leads to radical reactions. Thus, in 
these systems, water is directly used to form hydroxy] radicals. The decom- 
position of isopropylphenyltriazene and t-butylphenyltriazene leads to the 
formation of the same compounds as with methylphenyltriazene except for 
reaction (24), which, in these cases, leads to the formation, not only of isopropy! 
alcohol and t-butyl alcohol, but also to products of disproportionation, i.e., 
propylene or isobutylene™ 

(CH;);C’ + ‘OH ———> CH.=C(CH;): + H20 25) 
The yield of unsaturated hydrocarbons is 12-20 per cent of the theoretical. 
In the case of diazoaminobenzene, the decomposition of diazohydrate leads 


first to the formation of the radical CseH;N=N’, which is shown by the presence 
of chromophoric groups at the end of the polystyrene chain". 
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Fig. 3.—Initiation of polymerization after hydroperoxide has been used up (system containing triethylene 
tetramine), ¢=5° C. (1) Kinetics of hydroperoxide consumption. (1’) Kinetics of polymerization. 
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Fia. 4.—Kinetics of polymerization and kinetics of reaction of ethylenediamine with cumene hydro- 
gence: in the presence of varying amounts of fe —_ salts at 5°C. (1, 1’) Without Fe** added (influence of 


‘e+ traces present in the emulsifying agent). (2, 2’) 0.3 mole-% Fei+ with respect to hydroperoxide. 
(3, 3’) 05 mole-% Fe** with respect to ce oe Al 


Systems containing ethylenediamine and polyethylene polyamines.— Whitby 
and others first proposed the use of polyethylene polyamines and hydroperoxide 
to initiate polymerization at low temperatures. Starting with the assumption 
of the formation of free radicals in a stage of the reaction of hydroperoxide with 
amine, we might expect a certain parallel between the kinetics of hydroperoxide 
decomposition and the kinetics of polymerization, but it was found that the 
polymerization is initiated after all the hydroperoxide has been used up (Figure 
3). The polymerization process at 5° C takes place even when the monomer 
is added 10 hours after all the hydroperoxide has reacted". Analogous results 
were obtained for a system containing ethylenediamine”. In the absence of 
monomer, after all the hydroperoxide has been used up, the evolution of meth- 
ane takes place. The fact that there is no connection between the hydroper- 
oxide decomposition and the initiation of polymerization is also supported by 
the influence of varying quantities of ferric salts on the kinetics of these proc- 
esses (Figure 4). An increase in the concentration of ferric salts substantially 
speeds up the decomposition without affecting the kinetics of polymerization. 
The experimental data shown give evidence that a new intermediate compound, 
which does not have the character of a peroxide and which is capable of initiat- 
ing, in some way, the polymerizing process, is formed. A study of reaction 
products formed when cumene hydroperoxide and amine react together has 
yielded data required for the analysis of the action of the system: 


CH; 
(26) 
H:N—CH;—CHs—NHA + C,H\C—O0H aa 
* Fe -° H; 
A CH; 
| (27) 
H; 
CH; 
(28) 
H:.N—CH:—CH,—NA + C,HjC—Os ————> CH; + C.H;COCH; 
H; 
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In the absence of the monomer, the reaction of the radicals with amines and 
other compounds leads to the formation of dimethylphenylearbinol and 
methane. The role of reaction (28) increases markedly with temperature. 
The formation of radicals with the active center at the nitrogen atom has been 
proved by the formation of nitrosoamines when the reaction takes place in the 
presence of nitrous oxide’. In addition, the presence of nitrogen in the poly- 
mer has been shown, which may mean that amine fragments form a part of the 


polymer chain. 


B. INITIATION OF RADICAL PROCESSES IN HYDROCARBON 


I. INITIATION OF CROSSLINKING 


MEDIA 


IN THE POLYMER MOLECUES 


It is well known that many polymerization initiating agents act as effective 


crosslinking (curing) agents at their decomposition temperatures!**!. 


The 


crosslinking effect is due to the reaction between free radicals and polymeric 
chains, which proceeds either by addition to a C=C bond or by H-atom ab- 
straction followed by a further chain process”. 


TABLE [| 


In this case, the chain length 


THE Composition oF REDox SysTEMS AND A PossIBLE 
MECHANISM OF THEIR ACTION 


Composition of the system 


Benzoyl] peroxide + benzoin 
+ Fe** naphthenate 


Benzoyl] peroxide + dihy- 
droxymaleic acid diethy]l- 
ester + Fe*+ naphthenate 

Benzoyl peroxide + polyeth- 
ylene polyamine + Fe** 
naphthenate 

ROOH + RSH (mercapto- 
benzothiazol) 

ROOH + SO, 

ROOH + HS 

SO, + H.S 


SO, + HS— 


Cl 


(on 
SO: + || 
: lean 


Sulfur + DH: ethanolamines, 
olyethylene polyamines, 
enzoin and some other ac- 

celerators of sulfur vulcani- 
zation 


Gelling 


7- 
Temp., 
og time 


20 16 hr 


3 hr 


1 min 
15-20 min 


5 min 


15 min 


100-160 


Mechanism 


RO’ 
ROOR 
——> Fe*+ 
€-- -— 
AH 


Fe?+ 


RO’ + RS’ + H,0 


RO’ + ‘[SO,H] 
RO’ + HS’ + H.0 
‘[SO.H] + HS’ 


‘[SO:H] +°8 a Cl 


Cl 
| 


‘[SO.H] + C—O 


C—OH 
| 


HSSH — ‘SH 
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should not exceed the chain length in the polymerization of olefins which serve 
as models of the polymer structure. In the case of a-olefins, this length is in 
the range of 2-4 links**. The redox systems allow the rapid crosslinking of 
unsaturated polymers to be achieved at relatively low temperatures”. The 
composition of systems initiating rapid crosslinking in polymer solutions or in 
bulk polymer at different temperature is given in Table I. 

The compositions of first group systems are like those of the reversible systems 
used for initiating polymerization. The nature of the reducing agents deter- 
mines the efficiency of these systems. 

Typical changes in solution viscosity taking place under the influence of 
these systems are given in Figure 5. Curve / shows a viscosity change in a 
nitrogen atmosphere. After a certain period of time an irreversible gelation 
occurs. If some oxygen is present in the system, the process begins with de- 
gradation (Curve 2). In this case the development of crosslinking processes 
begins after the oxygen has been used up. The inhibiting action of oxygen 
upon the crosslinking of polymers is similar to its influence on polymerization 
processes. 
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Fig. 5.—Change in butadiene polymer solution viscosity at 20° C in the presence of redox system in nitrogen 


atmosphere. Benzoyl peroxide, dihydroxymaleic acid ester, and ferric naphthenate (/) in No, (2) in air. 


The reactions in the second group systems should lead to the formation of 
two free radicals. The most effective systems are those consisting of hydro- 
peroxide or benzoyl peroxide and SO, or H2S which lead to very rapid vulea- 
nization, both in solution and in the bulk polymer, at room temperature. 

The third group systems, in which SO, acts as an oxidizing agent are of 
special interest?®. Hydrogen sulfide, trichlorothiophenol, and other mercaptans 
and dienols can be used as reducing agents. The reaction of SO, with HS is 
known to lead to the vulcanization of rubber at room temperature (Peachey 
process)?’. 

According to earlier investigations, a vulcanizing effect was ascribed to the 
action of active sulfur in statu nascendi. However, the substitution of hydro- 
gen sulfide for trichlorothiophenol, to which it is similar in its reducing power, 
results in an instantaneous vulcanization at 0°, although the process is not ac- 
companied by elementary sulfur formation. Nitrogen oxide inhibits this 
process, and the reaction is accompanied by SO, and trichlorothiophenol addi- 
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tion to the unsaturated polymeric chain. Thus, Peachey’s process represents 
a particular case of the redox initiation of radical reactidén by systems contain- 
ing no peroxides. 

The fourth system explains the role of many accelerators reacting with sulfur 
(in absence of unsaturated compounds), with formation of hydrogen sulfide. 
A study of this reaction has shown that the process passes through a hydrogen 
disulfide stage in which it splits according to the chain mechanism to form ‘SH 
and HS; radicals. Radical disproportionation leads to the formation of H2S 
and sulfur. The addition of radicals to C=C bond leads to the vulcanizing 
effect?*8, 


II. INITIATION OF OXIDATIVE DEGRADATION IN POLYMERS 


Systems resulting from the interaction of oxygen and some reducing agent 
are of a special interest for destructive processes. According to the mechanism 
of their action the systems of this type can be divided into two groups. The 
first group systems are those in which a primary oxidation takes place in the 
absence of salts of transition metals and is accompanied by the formation of 
hydrogen peroxide 


DH; + 0. ——— H.0. ———> HO’ (HO:;) (29 


where DH is a reducing agent such as phenylhydrazine, hydrazolbenzene, and 
some dienols. In hydrocarbon solutions, these compounds react with oxygen 
to give hydrogen peroxide at 20° C. With phenylhydrazine, the yield of 
hydrogen peroxide amounts to 41 per cent, with hydrazobenzene 22 per cent 
and with the diethyl ester of dihydroxymaleic acid, it is only about 3 per cent 
of theory. The low yield of hydrogen peroxide, in comparison with the theo- 
retical, is due to decomposition of hydrogen peroxide resulting from interaction 
with the reducing agent used?’. 

Figure 6 illustrates the effect of one of the systems in oxidizing destruction 
of polymers. Curve / shows the decrease in the viscosity of the polymer solu- 
tion under the influence of hydrogen peroxide accumulation, and Curve la 
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Fie 6 —Effect of the phenylhydrazine-oxygen system in initiation of oxidative degradation of butadiene 
polymer in solution at 50° C. (/) Phenylhydrazene. (/a) Ferric naphthenate added. 
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shows the influence of the ferric naphthenate brought in at a certain process 
stage. In the latter case, the rapid development of the degradative process is 
due to H2Oz destruction under the influence of ferric salts. 

The second group systems are widely used and of much interest for practical 
application. The primary oxidation takes place there only in the presence of 
salts of transition metals. Systems of this group consist of a hydrocarbon- 
soluble ferric salt (or a salt of some other metal) and an organic reducing agent 
capable of converting Fe*+ into Fe?+. Hydroxycarbonyl compounds, e.g., 
benzoin, dienols, alkylhydroquinone, mercaptans, etc. can be used as reducing 
agents”. The mechanism of their action was found to be 





DH Os DH 
Fe*+ +» Fett » [Fe?+O.] ———> HO;(HO’) + Fe** (30-32) 
(30) (31) (32) 


Experimental data, showing that reaction (30) (reduction of ferric salt to 
ferrous salt) determines the overall oxidation process kinetics, are represented in 
Figure 7. Reaction (31) (oxidation of ferrous naphthenate in toluene solution 
by oxygen) proceeds very rapidly, even at 0°, the reaction rate being evidently 
determined only by the rate of oxygen diffusion. 

It is of interest to note that di-t-butyl hydroquinone, usually used as an 
inhibiting agent preventing chain oxidation processes and crosslinking in poly- 
mers, begins to act as an activator of the same processes in the presence of poly- 
mer-soluble ferric salts. Redox systems including oxygen can be effectively 
used for the destruction of rubber at relatively low temperatures. This de- 
pends on the nature of the reducing agent used. Figure 8 shows the effect of 
two systems used for an oxidative destruction of rubber. 

The results obtained explain the role of transition metal salts in polymer 
aging. The process begins with the reduction of oxide salts to protoxide salts 
under the influence of the phenols and aromatic amino compounds usually used 
as stabilizing agents. At higher temperatures, the polymeric chain itself acts 
as a reducing agent. 
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Fia. 7.—Kinetics of oxygen absorption by ferrous naphthenate solution at 0° C (/) and by ethyl- 
benzene solution containing equivalent amount of benzoin and ferric naphthenate at 40° C (2). Kinetics 
of the reduction of Fe*+ to Fe?+ by benzoin at 40° C (38). 
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Fia. 8.—Comparative rates of thermal breakdown of butadiene-styrene rubber at 130° C. (1), and 
of redox mastication in the presence of benzoin and ferric naphthenate (2), and di-t-butyl hydroquinone 
and ferric naphthenate (3) at 80° C. 


The systems discussed can be used as well for initiating oxidation of un- 
saturated hydrocarbons at low temperatures to produce primary alcohols and 
glycols. 

SYNOPSIS 

The following redox systems capable of initiating radical polymerizations 
are discussed: (1) Systems of the first type, where the reaction leads to the 
formation of a single radical: (a) Mechanism of action of reversible systems 
involving dienols and salts of metals of variable valency. (b) Mechanism of 
the decomposition of hydroperoxides by the action of salts of metals of variable 
valency in their higher oxidation states. (2) Systems of the second type, where 
the reaction leads to the formation of two radicals. Mechanism of action and 
effectiveness of systems involving hydroperoxides, quinol, and sulfite. (3) 
Systems of the third type, in which the formation of free radicals is not directly 
linked to the redox process. Mechanism of action of systems involving diazo- 
amino compounds and “polyamine” systems. (4) Crosslinking of unsaturated 
polymers at low temperatures by the action of redox systems. Transition from 
crosslinking to destructive processes in presence of oxygen. 
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OZONE ATTACK ON RUBBER VULCANIZATES * 


D. J. BucKLEy AND S. B. Rosison 


Esso LABORATORIES, Esso RESEARCH AND ENGINEERING CoMPANY, LINDEN, N. J. 


INTRODUCTION 


The effect of the attack of ozone on rubber vulcanizates is well known in a 
qualitative way. Only recently have efforts been made to study this problem 
quantitatively!*. Because of this the state of knowledge on this subject is not 
so satisfactory as that obtained for ordinary oxidation. A quantitative study 
of the rate and extent of the reaction of ozone with rubber vulcanizates and the 
cracking under strain is discussed herein. The general knowledge on this sub- 
ject tells us that ozone attack results in the cracking of the surface of vulcani- 
zates. Cracking occurs only when the specimen is under some strain during 
exposure to ozone. The broad quantitative problem then becomes one of 
defining the factors controlling the reaction while the specific problem relating 
to cracking becomes one of measuring such crack generation and crack growth 
in vuleanizates under strain. The method used in this work may be described 
as follows. A sample is stretched and allowed to relax until most of the pertin- 
ent stress relaxation has taken place. Ozone is then admitted to the stretched 
and relaxed sample. As cracking occurs the stress in the sample decreases and 
the length increases. The effect of the ozone produced cracks may be con- 
sidered as related to change in form of work. The initial work done on the 
sample by stretching is derived from an equation expressing the network-statis- 
tical theory of rubber elasticity. The cracking is considered as a transforma- 
tion of work to form new surface. 


EXPERIMENTAL 


Apparatus and procedure.—The apparatus by which a sample is maintained 
under strain while exposed to ozone is shown in Figure 1. The bottom clamp 
is fixed to a track and screw arrangement providing optional micro or macro 
adjustment of the extended length of the sample. The top clamp is fixed to 
the arm of a beam by means of a fine wire. The beam system is of unequal arm 
construction with the long arm bearing the specimen and the short arm bearing 
a counterbalance. The major portion of the load on the sample is taken up by 
the counterbalance. This allows use of the apparatus at a high level of sensi- 
tivity. The movement of the beam deflects the axle of a Statham strain gauge. 
The output of the gauge is recorded electronically. Ozone is generated by volt- 
age discharge in a dried stream of air. Concentration of ozone is controlled by 

variation of voltage and air flow rate. The level of ozone concentration norm- 
ally used is very high as suited to the nature of butyl rubber used in these ex- 
periments. A nitrogen diluent in the gas stream is used when very low con- 
centrations of ozone are required. The volume of gas contained within the 


* Reprinted from the Journal of Polymer Science, Vol. 19, Issue No. 91, January 1956, pages 145-158. 
Paper presented to Division of Polymer Chemistry, American Chemical Society, Symposium on Degradative 
and Other Reactions of Polymer Molecules, New York, September 13-17, 1954. 
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Fic. 1.—Ozonization apparatus. 


ozonization system is kept at the practicable minimum in order to facilitate 
rapid attainment of ozone concentration equilibrium after the voltage has been 
supplied to the generator. Ozone concentration is measured by absorbing a 
volume of ozonized air in acidified KI solution and titrating with sodium thio- 
sulfate solution. 

Butyl rubber was selected as the main basis for these experiments. This 
polymer was chosen in order to facilitate varying the chemical reactivity of the 
vulcanizate by control of unsaturation in the network. A pure gum vulcanizate 
described as follows was used in all experiments except where stated otherwise: 


Butyl polymer 100 
Zinc oxide 5 
Sulfur 2 
Tetramethylthiuram disulfide 2 


Vulcanizates were prepared by press molding at a temperature of 165° C. 
Vulcanization time ranged from 8 to 60 minutes. The molded pads were of 
the order of 0.050—0.075 cm in thickness. 

The samples used in the ozonization experiments were die-cut in the form 
of square shoulder T-50 specimens 0.25 ecm in width. Sample lengths of 5 or 
12.5 cm were used depending on the nature of the experiment. Prior to placing 
the sample in the extension apparatus the head and square shoulders were 
coated with silicone grease to minimize cracking at these points of excessive 
strain. 

In all cases the relaxation and ozonization of the sample were made under 
thermostated conditions at 25° C. The temperature of the gas flowing through 
the sample chamber was recorded automatically every 8 minutes. The equilib- 
ration time for the sample prior to exposure to ozone normally was set at 120 
minutes. This procedure is admittedly insufficient to insure a completely 
elastic equilibrium. The criterion used was only that the change in work due to 
continuation of ordinary relaxation during the period of ozonization should not 
give rise to the need for a large correction factor in the calculation of work 
change due to cracking. This point was easily controlled because the instru- 
ment plots a continuous record of the change in length S (and indirectly the 
interrelated stress) of the sample during the equilibration, the ozonization 
period, and after ozone has been removed from the system. 

Work change.—A typical curve of change of length with time resulting from 
this type of experiment is shown in Figure 2. The period of relaxation is shown 
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‘1a. 2.—Typical relaxation and ozonization record. 
Fie. 2.—Typical relaxat d t record 


along with the period when the sample is exposed to ozone. In almost all 
cases, the advent of ozone into the sample chamber is immediately followed by a 
change in length. No induction periods have been noted except in special 
cases where samples have been coated with saturated films such as polyiso- 
butylene. The first part of the ozonization curve shows a rapid but short 
range increase in length (S). This is then followed by a linear portion. Fin- 
ally, the curve takes on a highly accelerated form. These three phases are 
interpreted as follows. The first phase is the immediate attack by ozone on 
the surface double bonds. The second phase is probably due to the effects of 
a continued attack on the surface double bonds plus the effects arising from the 
formation of cracks and the exposure of additional double bonds originally 
below the surface. The final phase is that portion where highly localized at- 
tack at points of stress concentration in surface cracks is taking place. 

The second phase in which both surface and “subsurface’”’ double bonds are 
under attack represents the main part of this report. A schematic representa- 
tion of the separate effects of surface and ‘‘subsurface” bond rupture is shown in 
Figure 3. It can be expected that saturation of the double bonds of the original 
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Fie. 3.—Representation of role of original and new surface in the cracking effect. 
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Fic. 4.—Intermittent exposure to ozone. 


surface will take place rapidly and that the portion of S due to this will become 
asymptotic to the time axis. However, if the sample is under strain, cracks 
will form in the region of double bond rupture on the original surface and new 
surface will be exposed. This generation of surface will become eventually an 
accelerated process. If the sum of the S values for each of these mechanisms is 
plotted against time a relation of the form shown in Figure 2 will be obtained. 
This analysis places considerable emphasis on the surface nature of the reaction 
of ozone with the double bonds in elastomers. Further evidence to support 
this viewpoint is shown in Figure 4. A sample of a pure gum vulcanizate of 
butyl rubber was stretched, relaxed, and exposed to ozone in intermittent 
periods. It has been determined that ozone concentration equilibrium is 
reached in this apparatus about 60 seconds after voltage is supplied to the 
generator. Also it may be assumed that the nonozonized air will flush out 
the system in approximately the same time after the generator has been turned 
off. In view of this the relatively abrupt starting and cessation of ozone attack 
shown in the experiment can be taken as demonstrating a surface attack as the 
primary mechanism. It is also interesting to note that the three portions of the 
curve representing ozone exposure can be fitted together to form a smooth 
curve. Thus after the initial surface has been fully reacted with ozone, and 
after cracks of a given size have formed, stress concentration becomes the con- 
trolling factor. In addition, these data show that the cracking is essentially 
due to a chemical reaction requiring the presence of ozone. Minor change in S 
occurs after ozone has been removed so that ordinary physical crack propaga- 
tion is not a significant part of these experiments. 

The equilibrium stress-length relation of a unit cube sample just prior to 
ozone exposure is obtained by: 


Z=kNT(L — 1/L*) (1) 


where Z is the stress, k the Boltzmann constant, N the number of chains sup- 
porting Z, T the absolute temperature, and L equals l/lo, where l is the extended 
sample length and J the original sample length. Introduction of a term A for 
the cross-sectional area of an actual sample renders this expression applicable 
to a specific case: 


Z, = kNTA(L — 1/I?) (2) 
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where Z, is the measured stress and is expressed herein as dynes/em*. The 
stored elastic energy or equilibrium work of extension may be obtained by 
integration of the following expression: 


L 
feat -f KNTA(L — 1/L*)dL 
1 


W =kNTA[(L — 3L + 2)/2L] (3) 


Upon exposure to ozone, cracking occurs on the surface of the sample and 
the sample length increases and the load on the sample decreases. The change 
in length and load are interrelated. A unit response of the strain gauge to the 
movement of the beam is equivalent to 5.7 < 10~° cm change in sample length 
and 8.633 dynes change in load. Thus a proportionality constant, k’, is ob- 
tained for the force-distance relation. This is equal to 1.514 « 10° dynes per 
em of change in sample length. The change in work in the sample due to 
cracking is obtained from this relation: 


AW = Jf esas = k’S?/2 (4) 


The ratio of work change to the original work equals: 


AW/W = k'S/[2kNTA(L’ — 3L + 2)/2L] 
N = Z/(kT(L — 1/1)] 
ape (L — 1/L*) 
AW/W = (k’S?/2)1/Z; — 5. P 
V/ (k’S?/2)1/Z1 (L? — 3L + 2)/2L (5) 


Rate of work change.—From the linear relation of S to t shown in Figure 2 
and S as a square term in Equation (4), it follows that AW/W should increase 
linearly with @. If the rapid change in work occurring in the short initial 
phase of ozone attack is neglected, it is found that the work change or cracking 
effect then proceeds linearly with the square of the time up to the point where 
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Fic. 5.—Rate of cracking expressed as work change AW/W. 
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stress concentration causes accelerated changes in AW/W. This relation is 
shown in Figure 5 for a GR-I-15 vulcanizate at L = 1.250 and ozone concentra- 
tion at 0.200 per cent. A rate expression for cracking effect is derived from 
equation (5) by introduction of the squared ¢ term: 


(L — l L?) 


" 6 
B—3L+2/,L © 


K(1/@)/(AW/W) = (dAW)/(dtW) = (k’S?/20)1/Z, ( 


Numerous oxidation reactions exhibit rate constants which are based on the 
second power of time. It is of interest to note that the cracking effect due to 
ozone attack appears to fall in the same class. This observation suggests that 
ozone attack is an oxidation-type reaction characterized by extreme rapidity 
which in general is typical of ozone-olefin reactions. 

Ozone concentration.—Ozone concentration, as expected, is a controlling 
factor in determining the amount of cracking occurring in a vulcanizate under 
given conditions. The empirical rate constant K is found to vary linearly with 
ozone concentration raised to the second power. Such a relation for a GR-I-15 
vulcanizate at L = 1.250 is shown in Figure 6. The level of ozone concentra- 
tion used in these experiments is very high relative to atmospheric conditions. 
The choice was dictated by the need for fitting the inherent resistance of butyl 
rubber in this regard into some reasonable experimental period. The relation 
discussed here is intended to apply only to the range of ozone concentrations 
used. Extrapolation to very low ozone concentrations, particularly those 
representative of the normal atmosphere, would be hazardous. 

Extension.—The reaction of ozone with elastomers does not normally be- 
come apparent unless the sample is under strain. Then the effect of the reac- 
tion is manifested in surface cracks. The degree of extension is therefore a 
very important part of the factors contributing to ozone cracking. A vulcani- 
zate of GR-I-15 was studied over a range of L = 1.15-2.00. The examination 
of the effect of extension is limited to the low range for a number of reasons: (1) 
the equation of state describes the force-length relation of elastomeric materials 
best at low extensions, (2) high strains lead to a rapid growth of the first few 
cracks produced and definition of crack generation becomes difficult, and (3) 
high strains introduce complex effects due to incomplete stress relaxation and 
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Fie. 6.—Rate of cracking as a function of ozone concentration. 
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TABLE I 
EXTENSION AND CRACKING RaTE* 
L K X10° Nature of cracking 

1.151 0.035 None visible 
1.201 0.098 None visible 
1.254 0.209 None visible 
1.348 0.366 Very small, multitudinous 
1.402 0.979 Very small, multitudinous 
1.503 2.625 Very small, multitudinous 
1.602 2.722 Very small, multitudinous 
1.799 2.84 Very small, multitudinous 
1,899 16.27 Large, very few 
2.000 18.32 Large, very few 


@ GR-I-15 vulcanized 8 min. at 165° C. Ozone concentration 0.199%. 


possibly chain orientation as well. However, for the purpose at hand, the data 
at low extensions suffice. The effect of variation of Z on the rate of cracking 
of GR-I-15 is shown in Table I. A fairly uniform increase in K results up to 
about L = 1.40. Above this point, up to L = 1.80 the effect of increasing L is 
small. However, above LZ = 1.80 the cracking rate undergoes a tremendous 
increase. In the low range of extension saturation of the surface double bonds 
is favored and rupture processes capable of changing the geometry of the 
specimen are slow. For instance, a sample exposed to ozone for a long period 
at L = 1.151 showed no visible surface cracks under a microscope although it 
had suffered a change in work. As L is increased the processes causing chain 
rupture and discernible surface cracks are favored and K reflects this tendency. 
At high extensions the first few cracks which are formed undergo preferential 
growth and an apparent fast rate of ozone attack is indicated. 

These experiments describe the cracking phenomenon and the effect of L 
only for the relaxation conditions used in these experiments. The effect of 
extension on the rate of ozone cracking is related to the degree of relaxation 
which has been afforded the sample prior to exposure to ozone. For instance, 
samples at L = 1.5 showed K values of 2.625 X 10~-® and 2.370 X 10-” after 
relaxation for 2 hours and 67 hours, respectively. The difference in residual 
stress between these two samples was quite small and not capable of explaining 
the 10-fold difference in cracking rate. The relaxation of an elastomeric 
structure under load can be thought of as an approach to the narrowest possible 
distribution of strain on the chains. At relatively incomplete relaxation such 
as used in these experiments the range of strains on the chains can be considered 
large and the distribution probably asymmetrical. In addition there is the 
added complication of restraint to deformation due to other than intermolecular 
crosslinks and to chain entanglements. As relaxation proceeds the strain be- 
comes more uniform and extraneous restraints are minimized. The attain- 
ment of uniformity is finally limited in the main by the distribution of the 
length of the chains themselves. It is probably this nonuniform condition of 
strain which gives rise to more rapid crack formation and growth after chemical 
attack has taken place. This effect of nonuniformity should be large when 
relaxation is incomplete. 

Ozonization without strain.—The importance of a strain in the production of 
surface cracking in a rubber sample often has been emphasized to a point where 
it is considered an essential part of ozone attack itself. One thought set forth 
to explain this is that the strain produced in the chain network results in a 
strain of primary bonds thus leading to a greater susceptibility to chemical 
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reaction at this point. The results discussed herein will furnish a basis for a 
mechanism of cracking due to ozone without recourse to a strained bond theory. 
It has been noticed invariably in these experiments that samples taken from 
the chamber after exposure to ozone have sticky surfaces. An attempt was 
made to determine if such degradation resulted in a decrease in the number of 
crosslinks as indicated by volume swell measurements. No observable change 
in the volume swell of the samples before and after ozone exposure (up to 127 
hours at rest) was observed for swelling measurements made in cyclohexane at 
25°C. Aninteresting aspect of this problem was observed, however, when such 
a butyl vulcanizate was compared to a similar vulcanizate containing 50 parts of 
diisooctyl sebacate per 100 parts of polymer. These two systems were exposed 
to ozone at rest to give the results shown in Table II. The change in weight 
on the removal of the swellant by vaporization is the key to what is taking 
place. The samples containing no plasticizer show minor and inconsistent 
changes in the final weight of sample. Such inconsistencies are to be expected 
from the nature of the experiment. The sample containing the ester plasticizer 
shows a vigorous degradation of the vulcanizate structure. This reversion 
reaches a point where the polymer chains are soluble. The importance of the 
slow rate of permeation of the ozone in butyl rubber is apparent in these data. 
Only when the close packed structure is opened up by very excessive plasticizer 
concentration does the system tend towards the behavior of the more highly 
unsaturated and open structure polymers such as natural rubber and GR-S. 
Since the degraded polymer appears to be readily extractable it can be assumed 
that the degraded chains are probably in the form of single linear or branched 
chains and not in the form of small crosslinked structures or gels. The volume 
swell (corrected for the extracted polymer) of the ozonized sample shows a 
higher value than the unozonized sample. This can be interpreted to mean 
that ozone permeation and polymer chain cleavage is taking place in the body 
of the sample as well as at the surface. Thus the chemical action of ozone on 
unsaturated vulcanizate structures is not dependent on the presence of strain. 

These observations help to define the importance of polymer structure in 
the cracking of elastomers which is primarily a surface phenomenon. It raises 
the question, with respect to ozone attack: ‘‘How deep is the surface?” The 
depth of the surface can be defined in terms of the number of molecular diam- 
eters that are readily available to ozone attack before bulk diffusion becomes 
the controlling factor. It is apparent then why the greater ease of permeation 
of gases into such polymers as GR-S and natural rubber can contribute, along 


TABLE II 
OZONIZATION WITHOUT STRAIN 4 


Exposure % change 
Sample time, hrs. % vol. swell? sample wt. 
Pure gum butyl GR-I 15 vule. 0 519 +0.6 
15 520 +1.4 
30 520 +0.1 
54 518 —2.5 
127 517 —0.8 
Pure gum Butyl] vule. + 50 Pt. DIOS 0 605 —28.9° 
23 1180 — 69.1 
31 Highly degraded 
« Ozone concentration 0.200%. 


> Corrected for weight of extractables. 
¢ Accounted for by the plasticizer extracted. 
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TaBLe III 
EFFECT OF VULCANIZATION ON CRACKING @ 


Min. 
Mole % wan we Vol. 

Polymer unsat. 165° C swell % Z: X10~ K X10” 
GR-I-35 0.60 8 599 1.125 0.368 
16 533 1.365 0.163 
32 506 1.512 0.190 
60 510 1.533 0.809 

8 511 1.446 0.789 

16 456 1.801 0.111 
32 439 1.826 0.130 
60 490 1.777 9.84 

8 497 1.434 4.88 

16 473 1.699 1.34 
32 446 1.917 3.32 
60 474 1.727 19.4 

8 445 1.696 5.91 

16 422 2.346 4.12 
32 420 2.162 7.81 
60 465 2.060 29.5 


GR-I-15 


@ Ozone concentration 0.200%. L = 1.25. 


with greater chemical unsaturation, to ozone attack. Also the slower per- 
meation of gases into Butyl rubber takes a prominent place alongside its chemi- 
cal inertness in explaining its marked resistance to ozone attack. 
Vulcanization.—The state of vulcanization can be expected to have an 
effect on ozone cracking due to the formation of a greater or lesser number of 
crosslinks. In addition, in the case of butyl rubber, vulcanization results in a 
significant decrease (percentage-wise) in the number of ‘‘unreacted”’ double 
bonds. The effect of vulcanization time at 165° C on K for four butyl polymers 
is shown in Figure 7 and Table III. The Buty polymers are GR-I-35, GR-I, 
GR-I-15, and GR-I-25 with mole per cent unsaturations of 0.60, 0.89, 0.97, and 
1.17, respectively, as determined by the method of Rehner and Gray*. Polymer 
molecular weights were in the range M, = 300,000-350,000. Cracking rate is 
related to the state of vulcanization and goes through a minimum in a manner 
suggestive of the changing state of the network’. The volume swell and 
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Fic. 7.—Effect of vulcanization time and polymer type (unsaturation) on cracking rate. 
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equilibrium stress values reflect the onset of what is probably a reverting net- 
work. However, neither of these two measurements appear to be as sensitive 
to the changing network as the K values. The swell and stress values represent 
the restraints against deformation resulting from the network throughout the 
volume of the sample. The cracking is limited to a certain fraction of the total 
volume which can be referred to as the “‘surface’”’. Thus the K values may be 
more sensitive to reversion because the extent of this reaction is a gradient from 
the surface to center of the specimen. A sample may be highly degraded on 
the surface but its average properties show only a minor change in the network. 

The composition chosen for this work was such as to provide a broad range 
of vulcanization effects from the first onset of cross-linking to an advanced state 
of reversion. The vulcanization temperature used also contributed to a mag- 
nification of these effects. The presence of considerable free sulfur and a high 
concentration (twice the normal) of a disulfide accelerator also leads to more 
rapid reversion. Other experiments (not reported here) are the basis for the 
extrapolated portions of the curves in Figure 6. At a vulcanization time of 4 
minutes a 2-4 higher cracking rate was observed than for similar systems vul- 
canized for 8 minutes. Thus certain anomalies reported relative to the ozone 
resistance of butyl rubber vulcanizates could be explained on the basis of failure 
to obtain the proper level of vulcanization in a particular compound. 


DISCUSSION 


The cracking of the surface of vulcanizates in ozone atmosphere occurs when 
energy is available for the generation of new surface after chemical bond rupture 
occurs. Ozone attack occurs readily in the absence of strain and if the rate of 
permeation of the gas is rapid, vigorous network degradation can take place. 
Permeability therefore appears to be as important a property in regard to 
ozone attack as chemical unsaturation. Polymer structure as it affects per- 
meation of the gas is thus a large contributory factor in this phenomenon. 
Vulcanization tends to reduce the rate of cracking up to a point where reversion 
occurs. Cracking is particularly sensitive to even the earliest signs of reversion 
probably because the sample surface is highly degraded before the body of the 
sample suffers any network change. It has been suggested that the effect of 
vulcanization in reducing the rate of attack is related to a local densification 
around the double bond. The current concept of vulcanization with sulfur is 
based on a chain juncture at the alpha carbon in the olefin portion of the chain. 
This leaves the double bond intact and capable of rapid reaction with a vigor- 
ous reagent such as ozone. However, a restraint is placed upon the number of 
positions this sector of the chain can assume because of the crosslink. This 
limitation would reduce the number of collisions with ozone molecules and result 
in a reduced rate of cracking. 

The sensitivity of the cracking to the state of the network on the surface 
may be a useful criterion to employ in an effort to understand more clearly the 
mechanism of rupture processes in elastomers. The depth of the network 
affected may be only a few thousand angstroms. However, the resultant dis- 
continuity in the network may lead to localization of strain and rapid failure 
throughout the body of the sample when a load is applied. Cracking studied 
as a function of relaxation time may be a key to rupture as controlled by strain 
distribution. The instrument discussed herein is well suited to attainment of a 
range of relaxed states even to the point of elastic equilibrium reported for a 
method such as that devised by Gee’, 
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This paper has been limited to a discussion of work on vulcanizates of butyl 
rubber. However, the method can be applied to other polymers with good 
effect. Accessory experiments have been made on a number of polymers 
including natural rubber and GR-S. If due consideration is given to such 
matters as permeation, unsaturation and structure factors affecting general 
chemical reactivity, a broad application could easily be made. For instance, a 
comparison of the cracking ratio of butyl rubber vulcanizates and those of 
natural rubber or GR-S would require ozonization at greatly reduced exten- 
sion and ozone concentration. 

In addition to the major variables discuessed herein a number of others are 
probably of considerable importance. For a sample of given shape (excepting 
circular cross-section) thickness controls the fraction of network chains in the 
surface. Sample geometry controls the degree to which localized strain can 
exist. These potential complications have been avoided by using samples only 
of rectangular cross-section and held within narrow thickness limits. 

The subject of photochemical effects arises in most experiments involving 
oxidation. This factor has not been considered in this work, all the experiments 
having been carried out under ordinary laboratory conditions in the presence of 
diffused light. In addition the matter of catalysis relative to ozone behavior 
requires study. Surface effects are known as active positive catalysts for 
ozone decomposition while water content of the gas has a strong bearing on the 
general activity of ozone. 

Cracking of the surface of elastomers has also been shown to be not unique 
with ozone but occurs in the presence of free radicals according to Crabtree and 
Biggs®. The effect is not dependent on the presence of oxygen, cracking occur- 
ring readily in an atmosphere of nitrogen. 


SYNOPSIS 


Cracking on the surface of vulcanizates exposed to ozone under strain has 
been studied quantitatively. Butyl rubber vulcanizates were used to allow 
ready variation of polymer unsaturation. A relaxed sample under tension 
when exposed to ozone undergoes a work change manifested by increased length 
and decreased stress as cracking occurs. The change in work is considered 
related to generation of new surface in the form of cracks. Cracking is found 
to be primarily a surface phenomenon and in this wise permeation of the ozone 
into the sample assumes an important role in this phenomenon since it defines 
the “depth of the surface’. Polymer structure as it affects permeation ap- 
pears as important as chemical inertness in controlling ozone cracking. The 
amount of cracking judged by change of work measured in these experiments is 
related linearly to the time squared. The rate of cracking is related linearly 
to ozone concentration squared over the range 0.03—0.20 volume per cent in air. 
The rate and type of cracking is dependent on extension. The analysis of this 
relation is complicated by relaxation effects. The state of relaxation of a 
sample under tension has a profound effect on the rate of ozone cracking. This 
effect is discussed in terms of distribution of strain of the network chains. Al- 
though cracking requires a stored energy to produce new surface, the chemical 
action of ozone proceeds in the absence of strain. Whether the effects of poly- 
mer degradation under conditions of zero strain become large enough to be 
measurable depends on the rate of permeation of ozonized air into the specimen. 

Vulcanization has an important bearing on ozone cracking in butyl rubber. 
This is probably due to a significant decrease in the percentage of unreacted 
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double bonds and also to a local densification of the network in the region of the 
double bond involved in a crosslink. Cracking is particularly sensitive to the 
onset of reversion. This sensitivity may arise because state of reversion may 
be a gradient, greatest on the surface and least at the center of the sample. 
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THE REACTION OF OZONE WITH RUBBER* 


Haroup TucKER! 


Tue B. F. Goopricw Researcu CENTER, BRECKSVILLE, OHIO 


Rubber products made from natural rubber, styrene-butadiene rubber 
(SBR), or nitrile rubber, when stretched moderately and exposed to low con- 
centrations of ozone, crack rapidly and sometimes disastrously. In the ab- 
sence of stretch, no apparent change occurs after very long periods of exposure, 
Indeed, one might question whether ozone reacts with unstretched rubber. 

Many attempts have been made to understand the mechanism of the 
cracking phenomenon. Kearsley! has postulated that ozone reacts with the 
surface of the rubber to produce a film of such low strength and elongation that 
it will rupture at the low strain employed. Newton? proposed that the reaction 
between ozone and the double bonds of the rubber molecule is a two-step re- 
action and that strain interferes with the second step wherein the ozonide 
rearranges to the iso-ozonide, with chain cleavage resulting. Smith and 
Gough’ have proposed a statistical theory of ozone cracking. They postulate 
that cracks arise only if several double bonds, one in each of several chains, are 
simultaneously attacked by ozone. 

In the attack of ozone on elastomers, those based primarily on isoprene or 
butadiene, natural rubber, SBR, nitrile-butadiene rubber (NBR), etc., are very 
susceptible to ozone attack whereas neoprene (chloroprene-rubber or CR) and 
butyl rubber (IIR) are much more resistant. In IIR, the low degree of un- 
saturation places this rubber in a different category from the other common 
elastomers; however, in neoprene there exists the same degree of unsaturation 
found in a polyisoprene or polybutadiene rubber. 

The work of Noller and coworkers’ on rate of reaction of ozone with ethylenic 
compounds indicated 1,2-dichloroethylene to be sluggish in its reaction toward 
ozone. However, the application of their technique in this laboratory to neo- 
prene and natural rubber indicated that each was highly reactive toward ozone 
and the cleavage accompanied the reaction. The nature of the cleavage prod- 
ucts has been shown by Allison and Stanley’. 

Although there was no doubt as to the cleavage of rubber molecules in solu- 
tion, the detrimental effect of ozone toward elastomers in the solid state arises 
only with rubbers under strain. Therefore, an examination of the reactivity 
of ozone toward rubber under conditions of strain as compared to rubber in a 
relaxed state was made. 


OZONE ATTACK ON UNSTRAINED RUBBER 


Films of rubber and of neoprene laid down on salt crystals showed no change 
in the infrared pattern after exposure to an atmosphere containing 1500 ppm 
of ozone for 16 hr. This seemingly indicated unstretched rubber and neoprene 
to be inert toward ozone, or that the reaction is so limited as to be undetected. 
However, the reaction of ozone with rubber having a large surface area made it 


* Reprinted from ASTM Special Technical Publication No. 229 (1958); part of “‘A Symposium on the 
Effect of Ozone on Rubber’; see New Books and Other Publications in the General Section of this issue. 
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Fic. 1.—Apparatus for determining the uptake of ozone by rubber. 


possible to follow the reaction by change in weight of the rubber or by change 
in the ozone content of the gas stream. Open cell sponge was prepared in a 
glass tube } inch in diameter and 20 inches long. The sponge was prepared by 
beating 50 g of latex in the small bowl of a mixer. Sodium fluorosilicate was 
added and the foam drawn into the glass tube before coagulation took place. 
Natural rubber latex was used without compounding but with the addition of 
2 ml of formalin and 5 ml of 0.2 N potassium oleate. In the preparation of neo- 
prene sponge, 2 phr of zinc oxide was added in the form of a 40 per cent disper- 
sion in water in order to obtain coagulation. The sponge was dried by drawing 
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Fic. 2.—Adsorption of ozone by natural rubber and chloroprene. 
Ozone concentration =1200 ppm. 
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TaBLe I 
ADSORPTION OF OZONE BY SPONGE 


From ozone Weight 
disappearance, increase, 
mg mg 


Neoprene sponge 23.9 25.0 
Natural rubber sponge 25.5 28.5 
Natural rubber sponge (oxygen only) 0.2 


air through the tube. It was then extracted with ethyl alcohol and finally with 
acetone until free of acetone extractable material. The final drying was 
carried out under vacuum until constant weight was obtained, based on weigh- 
ings to the nearest milligram. In determining the uptake of ozone by the rubber 
(Figure 1), the three-way stopcock D was turned so the ozone passed into a 2.5 
per cent potassium iodide solution. Tube A was evacuated and stocpock E 
closed to all three outlets. Stopcock D was then opened to allow the ozone 
stream to pass into tube A, and EF was opened to allow unadsorbed ozone to 
pass into a potassium iodide solution in C, where it was titrated at intervals. 
The area of the sponges was estimated from pore size and from the adsorption 
of methylene blue to be about 3000 sq cm in the case of the sponges from natural 
rubber and about 1700 sq cm for the neoprene sponges. 

In Figure 2 the curves show the pattern of natural rubber and for neoprene. 
At first, there was a short period of complete adsorption of ozone, followed by a 
sharp break in the adsorption rate with the ozone up-take dropping to small, 
but apparently finite, value. Since the area of the rubber was large, the ozone 
adsorption, as determined by the analysis of the exit ozone stream and using 
the assumption that the ozone output of the generator was constant, could be 
checked against the total gain in weight of the rubber sponge. Although the 
agreement seemed quite good, the weight increase was always slightly more 
than the ozone up-take determined by analyses of the ozone stream, as shown in 
Table I. Up-take of oxygen did not explain the difference. 

The addition of 5 parts per hundred parts rubber of a microcrystalline wax 
to the sponge eliminated the period of high initial up-take with the rate of 
up-take falling quickly to zero (Figure 2). No gain in weight could be detected. 
If after either the rubber or neoprene had reached the point of minimum ad- 
sorption, the rubber was given a rest period, the period of initial activity was 
not restored on the resumption of exposure to ozone. When the sponge was 
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Fic. 3.—Adsorption of ozone by natural rubber. Ozone concentration =1200 ppm. 
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TABLE II 
AcEeTONE Extract oF OZONIZED SPONGE 

Ozone absorption, mg 47.1 
Weight increase, mg 64.9 
Acetone extractible material, mg 224 

Carbon, per cent 66.05 

Hydrogen, per cent 9.06 

Oxygen (by difference), per cent 24.89 
Oxygen in extract, mg 56 

Oxygen accounted for, per cent 86 


extracted with acetone, dried, and then again exposed to ozone, the original 
pattern of adsorption was repeated (Figure 3). Data relating to the acetone 
extract is shown in Table II. 

When the ozone stream was saturated with water before passing it through 
the sponge, there was no change in rate of ozone up-take. The sponge con- 
tinued to react with all ozone entering the tube, and the surface was soon re- 
duced to a liquid. Following this, all the pores soon became filled with the 
liquid. One sponge treated with ozone was found to be 70 per cent acetone 
soluble. After extracting with acetone, the remaining 30 per cent of the 
original rubber gave the infrared pattern of an acetone extracted pale crepe. 
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Fie, 4.—Effect of humidity on the adsorption of ozone by rubber. 


Figure 4 illustrates the situation that prevails as one shifts from a stream of 
ozone saturated with water vapor to a dry stream and from a dry stream to a 
saturated stream. In the case of the transition from the dry stream to the 
saturated stream, the up-take of ozone increased but did not exceed 80 per cent 
of the available ozone. 

The acetone extract from neoprene sponge treated with ozone showed only 
carboxylic end groups, whereas the extract from natural rubber contained a 
preponderance of carbonyl over carboxy! end groups. 


OZONE ATTACK ON STRETCHED RUBBER 


The determination of the up-take of ozone by rubber under stress was car- 
ried out as shown in Figure 5. Each chamber was 300 ml in volume. The 
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Fig. 5.—Apparatus for following ozone up-take of rubber under stress. 


ozone stream was fed alternately into one and then the other. This was con- 
trolled by a magnetic valve. The rubber sample, stretched to the desired 
elongation in an all-glass jig, was placed in one chamber while the other served 
as a blank. The time cycle of the valve was set so that a volume of ozone 
equal to the volume of the chamber entered during each cycle. 

Figure 6 indicates the results obtained with an SBR tread stock as the 
strain is increased. At 0 per cent strain the result is the same as obtained with 
the sponge. At low elongations, when a few large cracks are produced, the 
ozone up-take drops to a constant value and appears to remain steady until the 
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Fie. 6.—Adsorption of ozone by SBR under varying degrees of strain. 
Area of sample =8 sq in; ozone available =0.024 mg per hr. 
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Fic. 7.—Adsorption of ozone by SBR containing wax. Area of sample =8 sq in; 
ozone available =0.024 mg per hr. 


sample breaks. At elongations of 20 per cent and beyond there appears to be 
no increase of the steady state percentage absorbed until at 60 per cent elonga- 
tion there is a small decrease. This decrease is, at present, unexplained. 
When wax is present, the ozone up-take is reduced even though cracking takes 
place (Figure 7). 

Thus it appears the action of wax is similar to exposing the rubber at a 
lower elongation without wax. 


SIMULATION OF OZONE CRACKS 


In the attack of rubber by ozone, it appears that ozone reacts with the 
double bonds at the surface of the rubber. The reactivity of the ozone is such 
that bonds immediately beneath the surface are not attacked until the double 
bonds in the surface are essentially saturated. Except when the intramolecular 
spaces of the rubber are filled with water, the surface, after reacting with ozone, 
serves to protect the rubber underneath. As ozone reacts with the rubber 
molecules, they are modified in structure and molecular weight. It would be 
unexpected, then, that the stress-strain characteristics of the modified rubber 
would be that of the original. The product of the reaction of ozone with rub- 
ber, therefore, undergoes a continuous change in ultimate elongation until the 
point is reached, if the rubber is under strain, where the ultimate elongation of 
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Fia. 8.—Hypothetical stress-strain curyes for a rubber modified by reaction with ozone. 
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Fra. 9.—Cracks resulting from the combination of strain and surface overcure compared with cracks 
from the combination of strain and reaction with ozone. (a) Cracks in an SBR tread compound produced 
by overcuring the surface with tetramethylthiuram disulfide and subjecting the sample to strain. (6) 
Cracks in an SBR tread compound produced by exposing the compound wane. Me low strain (10 per cent) to 
ozone. 


the surface film equals the strain and the modified rubber fails in tension. The 
hypothetical curves in Figure 8 might illustrate such a situation. 

To test this viewpoint, the surface of a mold used to cure an ASTM tensile 
sheet of a tread-type SBR compound was painted with a solution of tetramethyl- 
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Fie. 10.—Cracks in SBR tread compound resulting from the combination of strain and surface overcure 
compared with cracks from the combination of strain and reaction with ozone. (a) Cracks in an SBR tread 
compound produced by overcuring the surface with sulfur monochloride and subjecting the sample to strain. 

Cracks in an SBR tread compound produced by exposing the compound under 60 per cent strain to 25 
pphm ozone. 
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thiuram disulfide in alcohol. This imparted to the surface an over cure. When 
strips from this stock were stretched, large cracks resulted similar to those pro- 
duced when a similar compound without the surface cure was exposed to ozone 
atlowelongation. Cracks could be produced under static conditions by stretch- 
ing the compound short of the point where cracking took place, then raising 
the temperature. These cracks are illustrated in Figure 9(a). 

When the surface of a tensile sheet was cured by exposure to sulfur mono- 
chloride, a different type of cracking was produced as is shown by Figure 10. 
The cracks in the latter case resemble some produced by rubber under a much 
higher strain. 

While this does not constitute evidence of the mechanism of crack develop- 
ment in rubber, it does show conclusively that the type of cracks formed by the 
ozone attack of stretched rubber would arise from the formation of a modified- 
rubber structure in which the capacity for high ultimate elongation was de- 
creased without simultaneously relieving the stress. 


CONCLUSIONS 


The reaction of ozone with an unsaturated elastomer is very rapid until the 
double bonds at the surface have reacted. Only then do the double bonds 
beneath the surface become available for reaction with ozone. In this respect, 
unstressed rubber is similar to the metals that are protected from oxidation by a 
film of oxide formed on the surface. When this protective film is broken and 
fresh surface is exposed, the reaction can continue. This is the situation that 
exists when the rubber is under strain. 

Since the entire rubber surface can be considered as under a uniform bom- 
bardment by ozone molecules, to consider cracks in stressed rubber as arising 
from a directed chain scission process seems unrealistic. On the assumption 
that the double bonds in the rubber surface are equally reactive, and that 
ozone does not act as a pair of chemical shears snipping double bonds at right 
angles to the strain, crack development must then arise from the fact that the 
stress-strain characteristics of the rubber-ozone reaction product are not indenti- 
cal to those of the original material and that ultimate elongation decreases 
continuously with increasing reaction with ozone. 

That such a mechanism would produce the type of cracks produced by 
ozone reacting with rubber can be shown by modifying the nature of the surface 
by vulcanization. 

SYNOPSIS 


The reaction of ozone with unstressed rubber and neoprene was examined by 
using open cell sponge. In each case the initial rate of adsorption was very 
high and decreased with the adsorption of ozone. Under conditions of very 
high humidity, however, there was no falling off in the rate of ozone up-take. 

The sponge was extracted with acetone and the products examined. 

A similar pattern was obtained on solid styrene-butadiene rubber (SBR) in 
a tread-type recipe. Here as the sample was elongated the amount of ozone 
adsorbed increased until a strain of about 20 per cent was reached. Under the 
conditions of the test, the ozone up-take reached a constant value at this point. 

The mechanism of cracking of rubber by ozone is postulated to be by modi- 
fication of the rubber structure by ozone to yield a material with low elongation. 
Cracks then develop by failure in tension of this modified rubber. Cracks 
typical of ozone cracking were produced by curing the surface of rubber com- 
pounds much tighter than the interior. 
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DISCUSSION 


Mr. Rosert D. StrEHLER.—Assuming that the explanation advanced for 
ozone cracking is true, another factor is necessary to account for the decrease 
in cracking observed above 30 per cent elongation. It is well known that the 
solubility of non-rubber constituents is decreased markedly on stretching as 
evidenced by their blooming on the surface. Does the author feel that the 
increase in bloom upon stretching might account for the observed maximum 
in cracking around 30 per cent elongation? 

Mr. Haroutp Tucker (author)—No observations were made as to bloom 
on the stretched samples. It is my belief that the adsorption of ozone should 
decrease with increased elongation and approach a limiting value. The fact 
that this is a 20 per cent to 30 per cent elongation in this case may be due in 
part to the conditions of the experiment. 

Mr. R. G. Seaman.—Can you explain the mechanism involved in the effect 
of humidity on the reaction of ozone with rubber? 

Mr. Tucker.—The interpretation that I have placed on this is that ozone 
is much more soluble in the ozonized rubber film when it is swollen with water. 

Mr. A. J. HaaGen-Smit.—In rubber cracking experiments with ozone I 
was not able to obtain cracking when the rubber strips, under tension, were held 
under water or organic media. Is this observation correct, and if so, is there 
any explanation for this behavior? 

Mr. Tucker.—This experiment was run in our laboratory in both water and 
in acetic acid. Although no cracking of the elongated rubber was observed, 
there was definite evidence of attack of the rubber by the ozone. The surface 
became highly etched, and carbon black sloughed off and remained suspended 
in the liquid. 

Mr. Davip R. Hammen.—Since degradation of the polymer was negligible 
under conditions of high humidity, was an attempt made to determine the 
actual concentration of ozone in the air stream during these tests? 

Mr. Tucker.—Yes, the ozone concentration was the same in both the dry 
air stream and the air stream of high humidity. 
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EFFECT OF DEGREE OF ELONGATION ON OZONE 
CRACKING OF RUBBERS * 


Yu. S. Zuev anv §.I]. PRAVEDNIKOVA 


Screntiric Researcu Instirure oF THE RuBBER INDustry, USSR 


It is known from the literature that there exists a socalled critical elongation 
at which disruption of the structure of rubbers under the influence of ozone is 
most severe. However, the available data concerning this problem are fairly 
contradictory. 

According to a number of statements the critical elongation is observed in 
the case of vulcanizates of natural rubber, but its estimation by different authors 
varies from 5 to 50%'*. Some authors consider that a critical elongation exists 
in the case of synthetic rubbers susceptible to attack by ozone!, while others 
consider that no such characteristic exists®.®. It is said that polychloroprene 
and butyl rubber do not possess this characteristic!7. However, none of these 
data can be regarded as reliable since in most cases ozone cracking of the rubbers 
was characterized by arbitrary methods, as a rule by the ‘‘degree of cracking”’ 
expressed by the number of marks. 

We have carried out a detailed investigation of the effect of the degree of 
elongation on ozone cracking of rubbers, the rate of growth of cracks being 
determined by an objective method® based on the effective depth of the cracks 
calculated from the decrease of stress in the relaxed rubber sample when ex- 
posed to the action of ozone. The following rubbers—NK, SKS, neurite, 
SKN, and SKB were investigated in standard formulas, at optimum true 
tensile strength. Gutta-percha (elastic vulcanizate) and butyl rubber composi- 
tions in phr were: gutta-percha 100, MBT 0.8, sulfur 5; butyl rubber 100, 
stearine 3, MBT 0.65, thiuram disulfide 1.3, zine oxide 5, sulfur 2. 

The investigation has produced the following information: 


1. The same qualitative dependence of the time interval preceding the ap- 
pearance of cracks on the degree of elongation is found in the case of all the 
rubbers: with increasing percentage elongation the time interval preceding the 
appearance of cracks gradually decreases to zero (Figure 1). 

2. The rate of growth of the cracks determined in the stationary region of 
the kinetic curve increases at first with increasing elongation, passes through a 
maximum in the region of small percentage elongations (‘‘critical elongation”’), 
and subsequently decreases for elongations of up to 500% (Figure 2a). 

3. In the case of all the rubbers, irrespective of their properties, the time 
interval necessary to achieve rupture of the specimen at different percentage 
elongations passes through a minimum in the region of the critical elongation, 
€min, and through a maximum in the region of larger percentage elongations 
(Figure 2b). 


* Reprinted from the Proceedings of the Academy of Sciences USSR, Phys. Chem. Sect., Vol. 116, pages 
oe” (1957); a translation by Consultants Bureau, Inc. of Doklady Akad. Nauk SSSR 116, 813-816 
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Fic. 1.—Effect of the degree of elongation on the time preceding the appearance of cracks: 1) Com- 
pound NK, ozone concentration 0.0033% ; 2) compound SKS-30, ozone concentration 0.0027% ; 3) neurite, 
ozone concentration 0.010%. 


Undoubtedly the most interesting results established by our objective 
method in the case of all the rubbers investigated is the reinforcing effect ob- 
tained in the strained rubbers as a result of which the rate of growth of the 
cracks decreases at elongations greater than the critical elongation €min, while 
the time interval preceding rupture of the samples increases. 
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Fir. 2.—Dependence of the rate of rr of cracks (a) and of the time interval preceding 5 rupture (b) 
on percentage elongation: 1) compound NK, ozone concentration 0.003% ; 2) compound SKS-30, ozone 
——— 0.002% ; 3) neurite, ozone concentration 0.01% (at small elongations) and 0.02% (at large 
elongations) 
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From the point of view of existing ideas about the nature of ozone cracking 
of rubbers as a process which is determined by the chemical interaction of the 
rubber with ozone, it was natural to expect that stretching would have an 
activating effect on the disruption of rubber under the influence of ozone, but 
never the opposite effect. 

Earlier we have suggested’ that this phenomenon, in spite of the marked 
increase in the rate of the process, is analogous to static fatigue. The direct 
experiments have also established a straightforward relationship between the 
strength of the rubbers and their resistance to cracking under the influence of 
ozone. The greater the true strength of rubbers compounded from noncrystal- 
lizing polymers, the greater is their resistance to ozone cracking, as is shown by 
the following data: 


Rubber based on compound SKB, stress 2 kg/cm?, concentration of O; = 2.2-10°% 
True tensile strength, kg/cm? 8.6 247 516 758 830 
Time interval preceding rupture, min 25 54. 86 «105116 
Rubber based on compound SKS-30, stress 2.5 kg/cm?, concentration of O; = 2.5-10°% 


True tensile strength, kg/cm? 346 401 430 757 
Time interval preceding rupture, min 15 17 19 28 


In the case of rubbers compounded from crystallizable rubber polymers a 
marked anisotropy of tensile strength is observed in the region of comparatively 
large percentage elongations: the strength measured in the direction of the 
stretching force is less than at right angles to it. When such rubbers are ex- 
posed to the action of ozone the formation of cracks is observed to occur in the 


direction of least tensile strength (longitudinal cracks), in preference to trans- 
verse cracks, as is usual (Figure 3). (Figure 3 was not clear enough for repro- 
duction and is omitted.) 

Examination of a rubber based on compound NK for resistance to ozone 
cracking after preliminary repeated stretching up to 110% elongation for a 
period of four hours has shown that the tensile strength of this rubber decreased 
by about 25% while the time interval preceding rupture in an ozone atmosphere 
decreased by 25-30%. 

The effect of the mechanical strength of the rubbers on ozone cracking can 
be explained if we picture the process as taking place in two stages. (1) 
Ozone interacts with the polymer through the double bonds. It is clear that 
since the double bonds are not spaced symmetrically opposite one another, this 
interaction and, consequently, the “chemical” growth of a crack is terminated 
rapidly. (2) Along the edges of a crack there comes into play excess stress 
which induces further ‘“‘mechanical”’ growth of the crack without the participa- 
tion of ozone. The rate of this process depends on the mechanical strength of 
the rubber. The continuous alternation of these two stages of the process 
effects a gradual deepening of the cracks and finally leads to rupture of the 
rubber. The two-stage character of the process of ozone cracking is excellently 
confirmed by microphotographs of the formation of “longitudinal” cracks in 
rubbers based on crystallizable compounds (NK, neurite) at comparatively 
large elongations (300%) (Figure 3): the photographs show secondary forma- 
tions, namely, splitting of the rubber along the fibers, between the initially 
formed transverse cracks. 

The existence of a direct relationship between the mechanical strength of 
rubber and its resistance to the chemical action offozone explains the effect of 
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stretching on this process. The appearance of a minimum in the strength of 
the rubbers when exposed to the action of ozone is a consequence of a two-fold 
influence of stretching: on the one hand increasing elongation increases the 
strain in the rubber as a result of which breakdown is accelerated”; on the 
other hand the degree of orientation and the strength increase with increasing 
elongation which results in retardation of breakdown". It is of interest to note 
that in the case of noncrystallizing rubber polymers orienting processes enter 
into play in the region of small percentage elongations™ the positive effect of 
which on the strength of most rubbers in ozone begins to outbalance the effect of 
strain already at nominal elongations of 15-20%". The position of the critical 
elongation, €min, will be determined by the relative effect of stretching on the 
degree of orientation of the polymer and its effect on the magnitude of the strain. 
When the effect of stretching on the degree of orientation of two rubbers is the 
same the value of €min will be lower for the rubber with the higher modulus of 
elasticity“. In the case of two rubbers with equal moduli €min will be greater 
in the case of the rubber for which stretching has the more pronounced effect 
on the degree of orientation (Table I). Since in the case of butyl rubber vul- 
canizate the effect of stretching on the degree of orientation is considerably less 
than in the case of compound NK", the value of €min of the former is displaced 
in the direction of greater elongations!®. The increasing extent of intermolecu- 
lar interaction (lessening effect of elongation on the degree of orientation) in the 
case of guttapercha and neurite as compared with compound NK, as also with 
the extension of the vulcanization period in the case of compound SKS-30"— 
effects a displacment of €mjin in the direction of greater values. 

The appearance of a maximum in the strength of the rubbers when exposed 
to ozone is not due to a change in the rate of growth of the cracks in this region 
of elongations, because the rate of growth of cracks decreases gradually with 
increasing elongations (Figure 2). This maximum is explained by the marked 
increase in the influence of mechanical disruption during ozone cracking when 
the rubbers are stretched into the region of comparatively large elongations. 

The orientation processes which occur in rubbers with changing elongation 
are also observed in other cases. In particular we have investigated the effect 
of static stretching on dynamic fatigue of strained rubber specimens. The 
condition of testing was AL = const, i.e., as static elongation changes the total 
elongation increases in such a manner that the value of dynamic elongation 
remains constant (120% for compound NK, 100% for neurite, 80% for butyl 
rubber and SKS-30 and 60% compound SKB). 


TABLE I 
VALUE OF €min FOR DIFFERENT RUBBERS 
Modulus of 
€min elasticity,* 
kg/cm? 
Natural rubber 16 12 
Elastic vulcanizate of guttapercha 28 10.4 
Buty] rubber (70) 17 
Neurite 65 
SKS-30 
Vulcanized for 
30 min 16 
40 min 20 
60 min 33 
* The static modulus of elasticity was determined 1 hour after loading, i.e., just before the rubbers were 
submitted to the action of ozone. 
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Fia. 4.—Effect of elongation on dynamic strength of rubbers: 1) NK, 
2) SKS-30, 3) neurite, 4) SKB, 5) butyl rubber. 


The results obtained (Figure 4) show that the strength of rubbers submitted 
to repeated stretching varies in the same manner as it does during ozone 


cracking. A minimum of the strength is again observed in the case of all the 
rubbers and the value of €min increases in the order: compound NK—poly- 
chloroprene—buty] rubber. 

On the basis of the results obtained it is possible to draw the following con- 


clusions. 


1. The disruption (cracking) of stretched rubbers, resulting from their 
chemical interaction with ozone, is a process analogous to the development of 
static fatigue, in spite of the fact that the rates of these two processes differ by 
several orders of magnitude. From this it follows that the process of ozone 
cracking can, in principle, be used as an accelerated method of testing rubbers 
for static fatigue, particularly at small percentage elongations. 

2. The degree of orientation of the structural units of rubbers around the 
cracks is affected by very small elongations (of the order of 10%). The resist- 
ance of rubbers to rupture under the influence of ozone is a sensitive indicator of 
these changes in orientation. In principle, this phenomenon may be used as 
a basis of a method of testing the degree of orientation of rubbers. 
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12 Current research has established the necessity for characterizing the strength of rubbers not only by the 
value of the stress at the moment of rupture (¢), but also by the time necessary to reach that point 
(t). Normally the relation between these two characteristics will be such that ¢ will decrease with 
increasing o'!° 

3 Along the edges of cracks elongation is greater than the nominal percentage elongation of the given 


specimen. 

4 The stipulation here is that the rubbers possess the same resistance to static fatigue. 

15 This is seen from the fact that crystallization of butyl rubber begins at considerably greater elongations 

than it does in the case of compound NK. 

16 In the case of vulcanizates of butyl rubber the time interval preceding rupture under the action of ozone 
depends markedly on the degree of elongation when this is small (approximately up to 50-60%), 
while the dependence is less pronounced at greater elongations. As a result, the value + ot in the 
case of butyl rubber is not very sharply defined and sometimes cannot be detected at all 

17 Vulcanized with an oxidizing-reducing system. 








THE OZONIZATION OF UNSATURATED COMPOUNDS. 
Ill. THE ADDITION OF OZONE TO INTERNAL AND 
EXTERNAL DOUBLE BONDS IN BUTADIENE 
RUBBER * 


A. I. Yakuscuik, N. G. KASATKINA AND T. E. PAVLOVSKAYA 


LENINGRAD State University, Lentncrap, USSR 


We have previously shown! that the components of a mixture of ethylene 
compounds with different degrees of substitution are ozonized simultaneously 
and the curves of the absorption of ozone by mixtures of this type do not show 
breaks. The curves of ozone absorption by butadiene rubbers in whose mole- 
cule the internal double bond corresponds to the doubly-substituted ethylene 
bond type and the external double bond to the monosubstituted ethylene bond 
type, also do not show breaks (Figure 1, Curves 1-4). The butadiene unit 
with an internal double bond is 


CH:—_CH=CH—CH:;—; 
that with an external double bond is 
CH:—CH— 
CH=CH; 


To ascertain whether the internal and external double bonds ozonize suc- 
cessively or simultaneously and, in the latter event, in what amounts and ratios 
they participate in ozonization, experiments were carried out on the complete 
and partial ozonization of sodium-divinyl rubber with subsequent determina- 
tion of the external double bonds which had added ozone. 

Sodium butadiene rubber was ozonized 25, 50, 75 and 100% (Figure 1, 
Curve 3). The ozonides were decomposed and the amount of formic acid and 
formaldehyde in the decomposition products was determined. The equivalent 
amount of ozone added to the external double bond was calculated from the 
amount of formic acid and formaldehyde found. 

Z —CH.—CH 
/ +80 By + HCOOH 
C 


\ 


\ 410 H 


“. —CH.—CH 


| + HC 


| 
COOH H 


* Reprinted from the Journal of General Chemistry USSR, Vol. 27, pages 1561-1564 (1957) ; a translation 
by Consultants Bureau, Inc. of Zhurnal Obshchet Khimiit 27, 1487-1489 (1957). 
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Fig. 1.—Curves of ozone absorption by butadiene rubbe rs. The rubbe ~ contains units with 
external double bonds: 1) 36%, 2) 52%, 3) 45%, 4) 50% 


The amount of ozone added to the internal double bonds was calculated 
from the difference between the total amount of ozone added and that which 
was added to the external double bonds. 

If the curve of the absorption of ozone by sodium butadiene rubber is di- 


vided into four sectors according to the : omeunt of ozone added, i.e., 1—25% 
ozonization, II—25 to 50%, III—50 to 75%, IV—75 to 100%, the analytic al 
results may be given in the form of Table I. 


TABLE I 


Percentage of double bonds 
which added ozone 


Sector External bonds Internal bonds 
I 12 13 
II 17 9 
Ill 17 
IV 0 2: 


The addition of ozone to the external double bonds takes place in Sectors 
I, II and III. Ozone is added simultaneously to the internal double bonds. 
In sector IV the addition capacity of the external double bonds is exhausted. 
Although the investigated rubber contains rather more internal double bonds 
than external, the ozonization of the latter is completed first ; external bonds are 
evidently ozonized in preference to the internal bonds. 


EXPERIMENTAL 


The investigated rubber was obtained by polymerization of butadiene at 
room temperature in the presence of 0.5% sodium metal. The butadiene was 
obtained from its tetrabromide by the action of zinc in aqueous alcohol. The 
rubber was purified by dissolving twice in benzene and precipitating twice with 








286 RUBBER CHEMISTRY AND TECHNOLOGY 


ethyl alcohol. Four ozonization tests were carried out using rubber purified 
and dried to constant weight with subsequent calculation of the formic acid 
and formaldehyde in the ozonization products. 

The method for the ozonization of unsaturated compounds has been previ- 
ously described?. Ozonization was carried out in chloroform at 0°. The ozone 
was passed through a rubber solution at a constant rate of 7 liters per hour. 
The amount of ozone added was calculated from the absorption curves, the 
latter being drawn simultaneously with the ozonization process. The rubber 
was first ozonized to completion, i.e., until the results of the titration of the 
initial and final samples of iodine precipitated by the ozone from a solution of 
potassium iodide coincided®. This amount of ozone absorbed by the rubber 
was taken as 100%. Twenty-five, 50 and 75% of this amount of ozone was 
calculated and added to various weight samples of rubber in the other experi- 
ments. The chloroform was distilled off from the ozonide under reduced pres- 
sure of constant weight. The ozonides were decomposed by a 10-fold amount 
of water with heating to 100° in a water bath. The electrical conductivity of 
the solution of the decomposition products was determined during the process 
of decomposition of the rubber ozonides. With increasing decomposition of 


TABLE II 


Weight (in g) 
A. 





=, 
Ozone added Percentage of 
to double ozone in the 
Percent- bonds double bonds 
age of ———“—_S. S$ -——— 
ozoni- Added Exter- Inter- Exter- Inter- 
zation Rubber ozone Formaldehyde Formic acid nal nal nal nal 


25.2 4.20 0.94 0.0288, 0.0290 0.3679, 0.3687 0.44 0.50 118 13.4 
51.2 4.27 1.94 0.0847, 0.0861 0.8944, 0.8931 1.08 0.86 28.5 22.7 
74.9 3.19 2.12 0.1472, 0.1547 1.0763, 0.9982 1.28 0.84 45.2 29.7 
100.0 3.21 2.85 0.1027, 0.1032 1.0663, 1.0560 1.28 1.57 44.9 55.1 


the ozonide the electrical conductivity of the solution of the decomposition 
products increased as a result of the formation of acids. When the ozonide had 
been completely decomposed the electrical conductivity became constant. The 
samples used for the determination of electrical conductivity were taken by 
means of a siphon connecting the decomposition flask to a buret in which an 
identical volume of solution was sampled in each instance. The determination 
was carried out at 18° in a vessel with platinum electrodes placed in an ultra- 
thermostat. The vessel was connected up to the usual circuit for determining 
electrical conductivity. The formaldehyde in the products of the ozonolysis 
of rubber, ozonized 25, 50, 75 and 100%, was quantitatively determined from 
its condensation product with 6-naphthol’ and the formic acid was determined 
by the calomel method‘. The results are given in Tabie II. 

The ozonization of the external double bonds in the sodium butadiene rub- 
ber is completed when about 75% of the rubber has been ozonized. 


SUMMARY 


1. It was established that the curves of ozone absorption by butadiene 
rubbers do not show breaks. 

2. Sodium butadiene rubber was ozonized 25, 50, 75 and 100%. From the 
quantitative determination of the external double bonds which add ozone it 
was established that there is no strict selectivity in the ozonization of the double 
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bonds of rubber: the external double bonds are ozonized more rapidly than the 
internal and their ozonization is completed earlier than the ozonization of the 
internal double bonds. 


REFERENCES 


1 Yakubchik, A. I., and Kasatkina, N. G., Zhur. Obshchet Khim. 26, 699 (1956). 

2 Yakubchik, A. I., Kasatkina, N. G., and Pavlovskaya, T. E., Zhur. Obshchet Khim. 25, 1473 (1955). 
3 Fosse, R., Graeve, P., and Thomas, P., Compt. rend. 200, 1450 (1935). 

‘Fincke, H., Chem. Z. 1913, 1, 1632. 











OXIDATIVE DECOMPOSITION OF THE OZONIDE 
OF BUTADIENE RUBBER * 


A. I. Yaxuscuik, N. G. Kasatxina, G. I. DEmipova, 
AND G. B. FEDOROVA 


LENINGRAD State University, Lentnerap, USSR 


It has been established!” that the molecule of butadiene rubber contains 
1,4- (I) and 1,2- (II) units. 


—CH.—CH=CH—CH.— —CH.—CH— 
(D (II) | 
CH=CH, 


The relative positions of the 1,4- and 1,2-units in the rubber molecule can 
be determined on the basis of study of the products of ozonolysis of butadiene 
rubbers. Marvel’ carried out the oxidative breakdown of the ozonides of buta- 
diene rubbers and fractionated the products of ozonolysis by the method of 
partition chromatography. Formic acid, succinic acid, 1,2,4-butanetricar- 
boxylic acid and 1,x,y,6-hexanetetracarboxylic acid have been found among the 
products of ozonolysis of butadiene rubbers*:*. These could be formed, re- 
spectively, from portions of the rubber molecule involving the following chains: 
1,2; 1,4-1,4; 1,4-1,2-1,4; and 1,4-(1,2)o-1,4. Marvel found 1,2,3-propanetri- 
carboxylic acid in addition to the above acids. 1,2,3-Propanetricarboxylic 
acid might be derived from branched portions of the rubber molecule formed, 
for example, by metalation at the a-methylene group. 

NaR 
-CH.—CH=CH—CH.—CH:—_CH=CH—CH,— ———> 
C.H 
—CH,—CH=CH—CH—CH:—CH=CH—CH:;— nweanaamed 
| 


Na +RH 
CH.—CH=CH—CH—CH:—CH=CH—CH.— 
(IIT) | 
CH: 
CH=CH—CH:Na 


CE -Ca=CE CH—CH.—CH=CH—CH:— 
(IV) 


CH, 
| +RNa 
CH=—CH—CH; 


In portion (III) the side chain may grow or the sodium may be replaced by 
hydrogen, and chain growth will be stopped. Independently of the length of 
the side chain, 1,2,3-propanetricarboxylic acid will be formed from portion (IV) 
of the rubber molecule when the ozonide undergoes oxidative breakdown. 


* Reprinted from the Journal of General Chemistry, Vol. 27, pages 1278-1283 (1957); a translation by 
Consultants Bureau, Inc. of Zhurnal Obshchet Khimii 27, 1195-1201 (1957). 
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The possibility of formation of 1,2,3-propanetricarboxylic acid from portion 
(VI) of the macromolecule is not excluded; the latter type of chain could be 
formed by rearrangement of the double bonds in presence of an alkali metal’. 


ae ee ee ee 
CH=CH, 

—cH,—CH,—cH=on—Cnt,—CH-CH,-CH=CH—CH.— 
CH=CH, 


On the other hand the presence of 1,2,3-propanetricarboxylic acid in the 
products of ozonolysis of butadiene rubber might be accounted for by secondary 
reactions under certain conditions of ozonolysis. Marvel*, for example, failed 
to find this acid among the products of ozonolysis of the ozonide of butadiene 
rubber under mild conditions when the ozonide was heated with 3% hydrogen 
peroxide or 3 hours at 60° and for 30 minutes at 100°. 

Clarification of the routes of formation of 1,2,3-propanetricarboxylic acid is 
very important since its presence in the products of ozonolysis might be an 
indication of a branched structure of the macromolecule of rubber. 

We carried out oxidative decomposition of the ozonide of butadiene rubber 
prepared at 5° under various conditions. Decomposition of the ozonide with 
acetyl hydroperoxide and decomposition with 3% hydrogen peroxide at 60° led 
to the appearance of 1,2,3-propanetricarboxylic acid among the products of 
ozonolysis (Figure 1, peak 7; Figure 2, peak 6). We therefore put forward the 
hypothesis that 1,2,3-propanetricarboxylic acid originated from portions of the 
macromolecule of the polymer linked by 1,4-1,4-chains with branching at the 
a-methylene group, or from 1,4-1,2-1,4-chains in which the double bonds under- 
went rearrangement. This rearrangement could have taken place during poly- 
merization’ or ozonization®. 

We detected levulinic acid (Figure 1, peak 2) among the products of ozonoly- 
sis after oxidative decomposition of the ozonide of butadiene rubber with acetyl 
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Fic. 1.—Chromatogram of viscous acids obtained by oxidative decomposition of rubber ozonide with 
acetyl hydroperoxide: 1) not identified; 2) levulinic aoe 3) acetic acid; 4) formic acid; 5) succinic acid; 
6) 18 &-butanetelessbouyiie acid; 7) 1,2,3-propanetricarboxylic acid; 8) 1,x,y, 6-hexanetetracarboxylic acid; 
9-12) not identified. 
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Fic, 2.—Chromatogram of viscous acids obtained by oxidative decomposition of rubber ozonide with 


hydroge np eroxide: 1) not identified; 2) acetic acid; 3) formic acid; 4) succinic acid; 5) 1,2,4-butanetricar- 
boxylic acid; 6) 1,2,3-propanetric arboxylic acid; 7) 1,x,y 6-hexanetetracarboxy lic ac id; 8) not identified. 


hydroperoxide. Marvel’ found levulinic acid in the products of ozonalysis of 

emulsion rubber. This acid may result from the formation of chains with 

structure (VIII) due to rearrangement of the double bonds in (VII)7'°. 
CH.—CH=CH—CH:; CH—CH:—_CH=CH—CH.— 


| 
CH=CH; 
(VII) 


4 
CH.—CH=CH—CH:.—CH:—C—CH:—_CH=CH—CH:— 
iH 
CH—CH; 


(VIII) 


Ozonization followed by oxidative decomposition of the ozonide leads to 
formation of 6-ketoadipic acid from the portion (VIII) of the macromolecule. 
Partial decarboxylation of the latter acid can yield levulinic acid. 


HOOC—CH,—CH,—C—CH,—COOH =» ——> 
O 
HOOC—CH,—CHE—C—CH; + COs 


O 


Formation of levulinic acid might also be attributed to anomalous break- 
down of the rubber ozonide containing chains of (II), in analogy with the ob- 
servation of Ziegler? during ozonolysis of 4-vinyleyclohexane-1. 6-Hydroxy- 
adipic acid can be formed from portion (V) of butadiene rubber on ozonolysis, 
due to the performate rearrangement followed by decomposition. The hy- 
droxy-acid then undergoes transformation into 8-ketoadipic acid, partial de- 
carboxylation of which leads to levulinic acid. 

Levulinic acid was not found in the products of oxidative decomposition of 
the ozonide of butadiene rubber with 3% hydrogen peroxide. In an oxidizing 
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medium this acid could undergo further oxidation with formation of succinic 
acid, acetic acid and other oxidation products. 

Due to the fact that oxidative decomposition of rubber ozonide with acetyl 
hydroperoxide was conducted in an acetic acid medium, we could not assume 
that acetic acid (Figure 1, peak 3) was a product of ozonolysis of rubber. 
Acetic acid was present, however, in the products of oxidative breakdown of the 
ozonide with 3% hydrogen peroxide (Figure 2, peak 2). In this case its forma- 
tion may be attributed to the ozonolysis of chains (IV) and (VIII) and to 
breakdown in the oxidizing medium of the levulinic acid formed. 


EXPERIMENTAL 


Butadiene rubber, prepared by polymerization of butadiene in presence of 
0.5% metallic sodium at 5°, was purified by dissolving twice in benzene and 
precipitating with ethyl alcohol. The rubber was dried to constant weight at 
room temperature and a residual pressure of 2 mm. All operations with the 
rubber were conducted in an oxygen-free nitrogen atmosphere. Found %: 
C 87.74; H 11.29. 

The total unsaturation of the purified rubber was determined by the re- 
action with iodine bromide!’; it was 88%. The percentage of 1,2-units was 
found from the quantity of formaldehyde and formic acid among the products 
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Fie. 3.—Chromatogram of mixture of acids: levulinie (1), acetic (2), formic (3), succinic (4), 
1,2,4-butanetricarboxylic (5), 1,2,3-propanetricarboxylic (6). 
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of decomposition of the ozonide of the rubber with water". Units with 
terminal double bonds constituted 65.5%. 

The rubber ozonide was next oxidatively decomposed with acetyl hydro- 
peroxide. Rubber (4.95 g) was ozonized in ethyl acetate (b.p. 77-78°) at 
—20°. The solvent was distilled off at 20° and 10 mm. The ozonide was 
decomposed with acetyl hydroperoxide in glacial acetic acid. Excess of hydro- 
peroxide was destroyed with platinum black (negative reaction with potassium 
iodide). Aldehydes were not detected in the solution of products of ozonolysis 
in acetic acid. The acetic acid was distilled off at 40° and 2 mm. 9.39 g of 
viscous acids was obtained (C 40.8%, H 6.12%). The acids were fractionated 
by partition chromatography in a column of silica gel. The silica gel was a 
“fine, large-pore”’ grade from the Voskresensky works and was put through a 
150-mesh sieve. The column was 160 mm high and 25 mm in diameter. 
Water served as the stationary solvent, and chloroform (b.p. 60.5-61.5°) as 
the moving solvent with gradually increasing additions of n-butyl alcohol (b.p. 
117-118°). A weighed sample of the acids, dissolved in tert-amy] alcohol was 
charged into the column through which was then passed the washing liquid 
(‘developer’) at a rate of 1 ml/minute. The solution flowing through the 
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Fia. 4.—Chromatogram of mixture of acids: acetic (1), formic (2), succinic (3), 1,2,4-butanetri- 
carboxylic (4), 1,2,3-propanetricarboxylic (4). 
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column was collected in 3 ml portions and titrated with alcoholic alkali in 
presence of phenolphthalein. The chromatographic curve is plotted in Figure 
1, which shows the elution peaks characterizing the acids in the mixture. The 
recovery of acids after washing out of the column was 98-99%. Data were 
calculated on the basis of several chromatograms giving concordant results. 
Chromatograms obtained in the fractionation of the acids of the products of 
ozonolysis of rubber ozonide was compared with the chromatograms of mix- 
tures of the acids that were claimed to have been detected (Figure 3). In the 
latter diagram there is no peak corresponding to hexanetetracarboxylic acid. 
It is known from previous data, however, that after propanetricarboxylic acid 
has been treated with a solution containing 55% chloroform and 45% n-butyl 
alcohol, hexanetetracarboxylic acid is eluted. 

After deducting the formic and acetic acids, the products of oxidative break- 
down of rubber ozonide with acetyl hydroperoxide contain 71.2% of the carbon 
skeleton, as calculated from the chromatograms. The formic acid originating 
from the 1,2-units in the rubber molecule also came off when the acetic acid was 
distilled off from the products of ozonolysis. The investigated rubber contains 
65.5% of 1,2-units, which on ozonolysis must lead to formaldehyde and formic 
acid containing 16.4% of the carbon skeleton. The carbon skeleton is thus 
accounted for to the extent of 87.6% in the products of ozonolysis. 

Oxidative decomposition of rubber ozonide with hydrogen peroxide was 
carried out after 7.57 g of rubber had been ozonized and the solvent distilled 
off under the same conditions (see above). After removal of the solvent, the 
ozonide was heated with 3% hydrogen peroxide for 3 hours at 60° and 30 min- 
utes at 100°. The excess of hydrogen peroxide was decomposed with platinum 
black. Under the specified conditions of oxidative decomposition of the ozon- 
ide, the aldehydes could not be fully converted into acids (aldehydes were 
detected by qualitative tests). Water was distilled off from the products of 
ozonolysis at 35-40° and 25 mm, and the last traces were removed in a vacuum 
desiccator over phosphorus pentoxide. 10.68 g of viscous acids (C 42.76%, 
H 6.06%) was obtained. Chromatographic fractionation of the acids was 
carried out as described above tub in a smaller column (height 160 mm, diam- 
eter 15 mm) (Figure 2). Figure 4 shows the chromatogram of the suggested 
mixture of acids in comparison with the chromatogram of the products of 
ozonolysis. 


SUMMARY 


1. Among the products of oxidative decomposition with acetyl hydroper- 
oxide of the ozonide of butadiene rubber (prepared at 5°) are levulinic, formic, 
succinic, 1,2,4-butanetricarboxylic, 1,2,3-propanetricarboxylic and 1,x,y,6- 
hexanetetracarboxylic acids. Levulinic acid could be formed by isomerization 
of 1,4-1,2-1,4-chains of the rubber macromolecule and by partial decarboxyla- 
tion of B-ketoadipic acid, as well as by the peroxy-formate rearrangement in 
presence of acetyl hydroperoxide. 1,2,3-Propanetricarboxylic acid is more 
likely to be formed from 1,4-1,4-chains branched at the a-methylene group, or 
from 1,4-1,2-1,4-chains in which the double bonds had undergone suitable rear- 
rangement, rather than as a result of secondary reactions during oxidative 
breakdown of the ozonide. 1,2,3-Propanetricarboxylic acid was also detected 
among the products of ozonolysis obtained under mild conditions of breakdown. 

2. Products of oxidative breakdown of the ozonide of the rubber in question 
with hydrogen peroxide were acetic, formic, succinic, 1,2,4-butanetricarboxylic, 
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1,2,3-propanetricarboxylic and 1,x,y,6-hexanetetracarboxylic acids. Acetic 
acid could have been formed from 1,4-1,4-portions of the rubber molecule 
branched at the a-methylene group, as well as from isomerized 1,4-1,2-1,4- 


portions. 
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THE HOT MIXING OF RUBBER. I. INFLUENCE OF 
MIXING CONDITIONS ON SCORCHING AND ON 
THE PHYSICAL PROPERTIES OF 
THE VULCANIZATES * 


G. FROMANDI AND S. REISSINGER 


TecHNICAL APPLICATIONS Division, FARBENFABRIKEN Bayer, A.G., 
JEVERKUSEN, GERMANY 


INTRODUCTION 


With the use of organic accelerators, the question of prevulcanization of 
rubber compounds plays an essential part on theoretical and industrial grounds, 
in the preparation, storing and further processing of the compounds. 

Scorching had been occasionally noted in earlier times with the use of the 
inorganic accelerator, litharge, but this was confined to only a few types of 
rubber compounds such as those in which a high proportion of magnesium 
carbonate had been used. 

In the mid-twenties of this century the thiazole accelerators were intro- 
duced, and up to the present time these materials make up the greater part of 
accelerator production. The prevulcanization problem has been brought more 
and more to notice: with the discovery of the activated thiazole accelerators. 
This led to the use of vulcanization retarders and finally to the development of 
the sulfenamide accelerators, which afford a high factor of safety in the handling 
of rubber compounds. 

The realization of a steadily increased rate of production, which is demanded 
by economic factors, is often dependent upon the degree of safe-handling dis- 
played by the rubber compounds. This depends not only upon the type of 
polymer and its plasticity, nor on the choice of ingredients and the mode of 
introduction of the accelerator system, but is often influenced by the thermal 
history in the preparation of the compound. Mistakes made in this sense in 
the compound preparation lead inevitably to troubles all along the way to vul- 
canization. 

Modern hot mixing procedures, often clearly tied in with industrial needs 
and frequently linked with advantages in quality can easily mislead to the use 
of mixing methods which, on examination from a technical processing view- 
point, can be seen to be disadvantageous because of an increased tendency to 
prevulcanization in the compounds. 

The prevulcanization interval for every rubber compound corresponds to 
the more or less lengthy time interval before the beginning of true vulcanization. 
It is a characteristic for every compound. Garvey” has pictured the interrela- 
tions very nicely in the form of a curve, which shows the dependence of tensile 
on the time of exposure to heat. The left portion of the curve is a typical 


* Translated for Russper CHEMISTRY AND TECHNOLOGY by W. D. Wolfe from Kautschuk und Gummi, 
Vol. 11, No. 1, pages WT 3-8, January, 1958. 
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Anvulkan-Zeit Vulkan.-Zeit 
Heiz-Zeit Plateau-Zeit 
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Fig. 1.—The course of vulcanization of a rubber compound. (Tensile as a function of time.) Ordi- 
nate: Tensile (kg/cm?). Abscissa: Time (minutes). Anvulkan-Zeit: Prevulcanization time. Heiz-Zeit: 
Heating time. Vulcan-Zeit: Vulcanization time. Plateau-Zeit: Plateau time. 


Mooney scorch curve. The diagram, somewhat simplified, is reproduced in 
Figure 1. The prevulcanization period divides into a warming period (A) 
which is modified by techniques of processing, and in which a fairly large num- 
ber of compound types cause no difficulty even with a high throughput, and 
into a second, longer or shorter interval (B), which allows, for example, for a 
good flow of the compound in the mold or which reduces troubles of deforma- 
tion when curing is done without a mold. 

The present day preparation of rubber compounds in internal mixers and 
their subsequent processing is frequently carried out for reasons of economy 
or quality, or in the course of timely efforts toward standardization and simpli- 
fication of products, at relatively high temperatures (for instance, 180° C in 
internal mixer and 135° C in tread extruder). Even with the use of accelerators 
with delay characteristics, such as are shown by the sulfenamides, prevulcaniza- 
tion disturbances may come about at these high temperatures as a result of 


TABLE I 
MIxING SCHEDULES 


: ; : Time, min 
(a) Mixed in internal mixer 


Rubber 

Zinc oxide + antioxidant with or 
without paraffin 

3 Carbon black + } plasticizer 

4 Carbon black + } plasticizer 

Reworking 

Accelerator 


= bO 
= 


| ape 
|) ee 


(b) Reworked on mill 


~— 


Sulfur + accelerator 
Sulfur 


al |@ 
al | 


Total mixing time 
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unsuitable mixing sequences. The work here reported is intended to give 
details of the influence of such temperatures on rubber compounds containing 
N-cyclohexyl-2-benzothiazolylsulfenamide as accelerator. 


DESCRIPTION OF THE EXPERIMENTS 


A laboratory internal mixer made by Werner and Pfleiderer, Type GK-2 
was used; speed of the foreblade, 34 rpm; friction ratio: 1:1.15. The machine 
was heated through a controller by means of saturated steam or steam-water 
mixtures so as to establish temperatures of about 120, 140, 160 and 180° C. 
The accelerators were either introduced in the internal mixer or were added, 
together with the sulfur, on a laboratory mill immediately after the production 
of the compound in the mixer. The laboratory mill rolls were 450 X 200 mm; 
roll temperature, 45° C. Mixing sequences and times corresponded essentially 
to the outline in Table I. 

The physical tests were carried out with the following procedures: 





Plasticity (Defo) : 
Mooney scorch: 


Tensile and elongation 
at break: 


Tear resistance: 
Hardness: 


Rebound: 


Permanent set (stretch) : 


AP abrasion: 


Crushing fatigue: 


Link belt fatigue: 


Density: 


German Industrial Standards (DIN) 53,514 
ASTM-D1077-49T 


DIN 53,504 

Company Specifications, Standard ring II, with 5 cuts 
Shore A; DIN 53,505 

Pendulum hammer (5 kg-cm); DIN 53,512 
Conforming to DIN 53,511 


Company specification: Emery wheel (size 60 corundum), 
8 mm diameter testpieces. 10 m sliding path at 1 kg, 
3 kg and 5 kg load. 40 m sliding at 1 kg load. 


Company specifications: Ball, 30 mm diameter, 135 rpm. 
Life and temperature rise to destruction. Initial load, 
15 kg and 5 kg added after each 2000 revolutions. 


Conforming to ASTM-D43C-51T, Method C; cracking and 
crack growth after each 500,000 flexures. (Relative rat- 
ings, 0 to 3.) 


DIN 53,550. 


In this paper, we will report on the essential aspects of our investigations 


with tire tread compounds. 


In a later report we will give corresponding results 


with carcass compounds; differences will also be shown which may result from 


the use of different accelerators and antioxidants. 


We will report only a small 


sector from our extensive work which will show the effect that processing condi- 
tions during compound production may have on the properties of the unvul- 
canized compounds and on the vulcanizates. 

We will limit ourselves to results with natural rubber (smoked sheet) and 
with cold rubber (GR-S 1500) compounds containing some of the highly active 
types of carbon black which are in general use today in compounds of tire tread 


quality. 


INVESTIGATIONS WITH NATURAL RUBBER 


Test compound.—A tread-type compound with the following formula was 
used as the test compound: 
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Smoked sheet, Defo 800 1 

Zinc oxide, active 

Carbon black, CK 3 

Naftolen 2D 

Stearic acid 

Paraffin 

N-phenyl-N’-cyclohexyl-p-phenylenediamine 
Antioxidant 4010) 

Pheny]-1-naphthylamine (Antioxidant PAN) 

Sulfur 

N-cyclohexyl-2-benzothiazoly] sulfenamide 

ulkacit CZ) 


S 1 own SwS 
o oo oaoococoo 


Co Ne 


In this recipe, as well as in the others which are used in this report, “‘zinc 
oxide, active” was used as the activator of acceleration, instead of, for instance, 
zine white (ZnO) RS. Compared with the latter material, ‘‘zinc oxide active” 
assists in reducing the scorching tendency of N-cyclohexyl-2-benzothiazolyl- 
sulfenamide to such an extent that this system is about as safe to handle as one 
made with N-oxydiethylene-2-benzothiazolylsulfenamide. The following sum- 
mary presents these relations: 


TABLE II 
Errect oF Type or Zinc OxipE ON Scorcu TIME 


Activator Accelerator Mooney scorch time 
Zinc oxide, active N-cyclohexy]-2-benzothiazolyl- 24 min 
sulfenamide 
Zine White RS N-cyclohexy]-2-benzothiazolyl- 19 min 
sulfenamide 
Zinc White RS N-oxydiethylene-2-benzothia- 25 min 
zolylsulfenamide 


Influence of mixing conditions on the properties of unvulcanized rubber com- 
pounds.—In the case of unvulcanized natural rubber compounds, the two 
methods of mixing show no noteworthy influence of the mixing temperature 
on the Defo hardness. In contrast with this, a gradual rise in Defo elasticity 
is evident with increasing temperature. This is shown in Table III. 

There is a pronounced influence on prevulcanization behavior exerted by 
temperature during incorporation of the accelerator in the internal mixer. 
Figure 2 shows the differences in Mooney scorch time (5 points) for the two 
mixing methods. When the accelerator is added on the mill, the Mooney 
scorch time remains at about the same level, independent of the mixing tem- 
perature. Only the compound mixed at 180° C begins to vulcanize more 
quickly than the others, thus being an exception. The increased scorching of 


TABLE III 


DEPENDENCE oF Dero HARDNESS AND DEFO 
ELASTICITY ON MixiInG TEMPERATURE 





Defo 
Incorporation Mixing r a . 
of accelerator temperature Hardness Elasticity 
On the mill About 120° C 1750 19 
Internal mixer About 120° 1700 19 
Internal mixer About 140° 1700 19 
Internal mixer About 160° 1750 21 


Internal mixer About 180° 1500 24 
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Fie. 2.—Effect of mixing sequence and temperature on the prevulcanization time (tread compound of 
natural rubber). Ordinate: Mooney scorch time (min). Abscissa: Temperature of the mixture (° C) 
(internal blender). Column heading-left: Addition of the accelerator on the mill—right = Addition of the 
accelerator in the mixer. 


this compound results from the fact since uniform milling procedures were fol- 
lowed, the temperature at mixing of the accelerator did not fall as low as it did 
in the other cases where mixing was done at lower temperatures. 

The addition of the accelerator in the internal mixer, however, leads to an 
increasing tendency to prevulcanization in the examples given, and the higher 
the temperature the more pronounced is this tendency 

Influence of mixing conditions on the properties of the vulcanizates.—Table IV 
brings together physical test data for a natural rubber-carbon black (CK 3) 
compound. Compounds containing HAF black behave in a similar way. 
First are given data for the compounds made in the internal mixer at 120° C, 
and into which the accelerator was introduced at once on the mill. Next are 
data for the compounds in which the accelerator was added in the mixer with 





Einarbeiten des | Temperatur 
Beschieunigers | der Mischung °C 
Waize 120 
Kneter 120 
” 140 
u 160 
“ 180 


Spannungswert (kg/cm?) 
bei 500% Dehnung 


100 
80 
60 


v 20 pe) 60 80 
Vulkanisationszeit [min] bei 110°C 


Fie. 3.—Modulus as a function of the poor eienningtion relations in dependence on mixing sequence and 
temperature (natural rubber tread compound). Ordinate: Modulus (kg/cm?) at 500%. Abscissa: Vul- 
canization time (min) at 110°C. In the insert—Einarbeiten des Beschleunizers: Addition of the accelera- 
tor. Temperatur der Mischung: Temperature of the compound. Walze: Mill. Kneter: Mixer. 
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stepwise rise in temperature. Examination of the data showed that the proper- 
ties for the compounds prepared in the mixer at 140° to 180° C and to which the 
accelerators were added on the mill were practically at the same level as those 
for the compounds prepared at 120° C so that these data have been omitted. 

Figure 3, showing moduli at 500% elongation for vulcanizates cured at 
110° C in the press, shows clearly how the tendency to prevulcanize increases 
with rising temperatures used in mixing the accelerator. The same trend is 
shown by the values given in Table IV for the short times of heating at 3 atm 
steam pressure (148° C). 

The test data of Table IV also shows that with increasing mixing temper- 
atures in the mixer there occurs a decrease in Shore-hardness and an increase in 
rebound elasticity. The decrease in Shore-hardness is somewhat more pro- 
nounced in the cases where the accelerator is incorporated in the mixer than 
when it is added on the mill. The tear resistance is lowered with higher tem- 
peratures; this holds also in a measure when the mixing is done on a mill. 
Mixing temperatures and sequence have practically no effect on the permanent 
set after prolonged extension. 

The abrasion tests were done with the AP machine using increasing load. 
The abrasion resistance is improved by increasing the mixing temperature. 
Somewhat more favorable results were obtained by mixing the accelerator on 
the mill than by adding it in the mixer. With the higher loading of the machine, 
comparable values came at about the same level. The ball fatigue or crushing 
tests, which were made with 30 mm diameter spheres, showed no real differ- 
ences in their durability which could be considered as functions of the mixing 
temperature; however there were notable differences in the temperatures de- 
veloped in the spheres. This was shown as a somewhat slower temperature 
rise in the test pieces made from stocks in which the accelerator was added on 
the mill (regardless of the temperature at premixing), than for those stocks in 
which the accelerator was added in the mixer. The link belt fatigue tests were 
run outdoors, on the roof, using the Leverkusen profile, which provides a dis- 
tinctive width and depth for the profile of the grooves. A slight superiority 
was shown after 6 million flexes by compounds made at higher temperatures. 

Investigations with natural rubber and ISAF or SAF blacks.—The effect of 
processing and mixing conditions for the accelerator when ISAF or SAF blacks 
are used is essentially the same as that shown for compound made with CK 3 or 
HAF blacks. The unvulcanized materials have higher Defo elasticities at the 
higher temperatures; with the SAF compounds, the Defo hardness likewise 
rises. The Mooney scorch time is in general shorter, and remains constant for 
the compounds for which the accelerator is added on the mill up to those made 
at 180° C; with these compounds again a more rapid start of vulcanization is 
noted as a result of insufficient cooling. For the compounds mixed in the inter- 
nal mixer, the tendency persists for early onset of vulcanization; all in all, the 
differences are not so great as with HAF black. 

The static and dynamic properties of the vulcanizates of compounds made 
with ISAF and SAF blacks correspond closely, as regards their variations with 
different mixing techniques, to those of the compounds made with CK3 or HAF 
blacks. Solely in the case of the outdoor fatigue tests, where the Leverkusen 
groove profile was used did we notice that vulcanizates with the ISAF and SAF 
types of black showed a higher susceptibility to cracking than those compounds 
which used CK83 or HAF blacks, as shown by the start and growth of the cracks. 
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INVESTIGATIONS WITH SYNTHETIC RUBBER 
(GR-S 1500) AND ISAF BLACK 


It was now interesting to investigate how the properties of synthetic rubber 
compounds may change with variations in the processing conditions. The 
tests were started with GR-S 1500 (cold rubber) and ISAF black with the fol- 
lowing recipe for the test compound: 


GR-S, Defo 1500 100.0 
Zine oxide active 5.0 
ISAF black (Philblack J) 47.5 
Wool fat 2.0 
Naftolen ZD 8.0 
Stearic acid 1.5 
Paraffin 0.8 
N-pheny]l-N’-cyclohexyl-p-phenylene diamine 

(Antioxidant 4010) 1.0 
Phenyl-1-naphthyl amine (Antioxidant PAN) 1.0 
Sulfur 1.8 
N-cyclohexy]-2-benzothiazoly]-sulfenamide 

(Vulkacit CZ) 1.3 


A pronounced influence on the plasticizing behavior with varying processing 
temperatures was noted in the unvulcanized materials. 

The increase in Defo elasticity with increasing mixing temperatures is more 
pronounced with these compounds than with natural rubber; a rise in Defo 
hardness also is noted, and this is most pronounced in the cases where accelera- 
tor was introduced in the mixer. 

The Mooney scorch times indicate that cold rubber compounds are quite 
safe to handle and show a low tendency to prevulcanization. The different 
scorching characteristics are plainly shown by the tensile strengths and moduli 
shown in Table V, for vulcanizates cured at 0.5 atm (110° C). This is also 
shown by the values of the earliest vulcanization steps at 3.0 atm (143° C). 
The onset of vulcanization of synthetic rubber compounds into which the ac- 
celerator is introduced in the internal mixer is, of course, appreciably hastened 
by higher mixing temperatures. In making a comparison with values given in 
Table IV, the different vulcanization times must, of course, be taken into 
consideration. 

The vulcanizates of the compounds in which the accelerator was incorporated 
in the mixer show increasing tensile strengths with higher temperatures, while 
no influence of mixing temperatures on the tensile strength is noted for the 
compounds in which the accelerator is added on the mill. Higher mixing tem- 
peratures lead to a certain noticeable reduction of the elongation and to a 
noticeable increase in modulus. While the Shore hardness of the vulcanizates 
is practically unaffected, the rebound rises with higher mixing temperatures, 
and this is more pronounced for the compounds which are mixed in the mixer. 
The tear test values and the permanent set are nearly independent of the 
mixing conditions, only the tear test values show a slight drop for the com- 
pounds made at 180° C. 

The mixing procedure has no effect on the abrasion resistance. The same 
is practically true for the mixing temperatures, except for the fact that com- 
pounds mixed at 180° C yield vuleanizates with somewhat greater resistance to 
abrasion. The ball fatigue tests showed no differences among the compounds 
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TABLE V 


Errect oF MIxING SEQUENCE AND TEMPERATURE ON PREVULCANIZATION BEHAVIOR 
AND ON PuysIcaL Properties (GR-S 1500 Treap Compounp) 


Addition of Internal mixer 
accelerator....... Mill A—— 
Mixing temp, ° C. 120 120 140 160 180 





Tensile (kg/cm*). Elongation (%). Modulus at 300% elongation 


0.5 atm 60 min 3 230 — 185 — 310 § 735 — 98 595 
(110° C) 80 min 3 360 795 — s 72 685 18 171 525 
100 min 3 580 - : 700 6 f 2 149 595 42 210 490 


3.0 atm 12 min 20 625 127 180 585 54 180 475 
(143° C) 15 min 36 635 = § 36 600 & 153 186 550 186 470 
20 min 136 5 5 174 3! 192 490 192 435 

25 min 171 5 5 6! 185 49! 198 470 195 420 

35 min 188 45: 55 189 204 460 86 198 405 

60 min 183 5 5 < 5 186 200 440 § 196 390 

100 min 184 89 5 182 192 430 9! 187 375 


Hardness (Shore) at 20° and 75° C. Rebound elasticity % at 20° and 75° C 


3.0 atm 60 min 64 62 42 50 64 61 41 49 63 60 44 51 63 60 46 52 63 61 
100 min 64 61 42 50 63 61 42 49 63 60 44 52 62 60 45 53 64 61 


Tear resistance (kg/4 mm) at 20° and 75° C. Permanent set (% elong. 
after 5 min and 24 hrs) 


3.0 atm 60min 17 12 5 3 19 13 5 4 18 14 6 4 18 13 5 4 14 
100min 16 11 5 3 19 13 5 4 1613 6 4 17 12 5 4 18 


AP abrasion (vol lost in mm!) 


3.0 atm 60 100 60 100 60 100 60 100 60 
min min min min min min min min min 
Load 


1 kg 73 «470 76 79 8675 79 «8676 
1 kg 70 3=665 73 : 78 72 73 «472 
3 kg 76 72 81 78 75 86 «84 
5 kg 93 «91 104 94 93 98 95 


Ball fatigue (30 mm diameter). Temperature developed (° C) 


3.0 atm 100 min 
Load Rev 
15 kg 97 90 93 95 
20 kg 116 120 110 114 116 
25 kg 137 146 136 141 136 
30 kg 183 190 182 179 171 


prepared under the varying conditions. No differentiation was possible be- 
tween the outdoor tests on dynamic fatigue with the method of testing used. 
The high rate of tear led to a break in the test piece as soon as the first tear 
started. 


EFFECT OF PROCESSING CONDITIONS WITH REWORKING ON 
THE MILL OF COMPOUNDS MADE IN THE MIXER 


It has been noted that the subsequent addition of the accelerator on the 
mill may bring about a speed-up in the start of vulcanization if the mixing had 
been done in the mixer at very high temperatures. 

Just how greatly the methods of processing on the mill may affect the 
scorching tendency will be shown with a carcass compound which was prepared 
in the mixer and then worked on the mill with and without cutting. In the 
preceding examples, the compounds were cut a number of times while they were 
being milled). In the following work the mixtures were on the mill for two 
minutes before the addition of sulfur or of sulfur and accelerator. 
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Test CoMPoUND 


Smoked sheet, Defo 1500 
Zine white, RS 
SRF black (Durex O) 
Spindle oil 
ineral rubber 
Pheny]-1l-naphthylamine (Antioxidant PAN) 
Sulfur 
N-Cyclohexyl-2-benzothiazolylsulfenamide 
(Vulkacit CZ) 
Diphenylguanidine (Vulkacit D) 
Stearic acid 


oe 
SS Ne wwSas 
Naoocoocooco 


He He 
Orn 


In one case, the mixture merely ran on the mill roll, and in the other case it 
was cut and folded several times. The accelerators were added in the mixer 
and the sulfur mixed in on the mill. The mixing temperature was 180° C. 

Table VI gives the more important test results and likewise shows the 
effect of stearic acid on the scorching tendencies. The compounds prepared 
without cutting and lifting the sheets from the mill rolls show a delay in start of 
vulcanization as a result of their better cooling. The retarding influence of 
stearic acid is also clearly shown. 


TABLE VI 


INFLUENCE OF PROCESSING CONDITIONS ON PREVULCANIZATION BEHAVIOR AND PRop- 
ERTIES OF A Carcass COMPOUND 


Tensile (kg/cm*). Elongation (%). Modulus (kg/cm at 300% elongation). 


Without cutting 


Diphenylguanidine _ 0.1 
Stearic acid 1.0 — 


0.5 atm 40 min - 785 
(110° C) 60 min 5 - - - 725 
80 min d 


3.0 atm 3 min 
(148°C) 6min 
9 min 

12 min 

15 min 

20 min 


Mooney-scorch- 
time min 


With cutting 


0.5 atm 40min _ “<n 
(110° C) 60 min . 2 
80 min 7 3 650 


3.0 atm 3 min - — 
(143°C) 6min j j 875 
9 min > 665 

12 min d 695 

15 min . ; 700 

20 min 660 


Mooney-scorch- 
time min : 36 
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THEORETICAL SIGNIFICANCE OF THE EXPERIMENTAL RESULTS 


The mercaptan sulfur atom is of particular importance in the accelerating 
action of 2-mercaptobenzothiazole. If the H on this atom is substituted, then 
the accelerating action is greatly impaired. 


VAN \__N 
L I, - L I J-s—x 
S S 


By the use of compounds with which a substituent on the mercaptan sulfur 
is split off during the course of vulcanization, one obtains practically no ac- 
celerating effect before the splitting has taken place (delay of prevulcanization). 
After the splitting, marked acceleration takes place. The type of the substitut- 
ing group, X, on the mercaptan sulfur is very important to the accelerating 
action. In the case of benzothiazoly] disulfide (Vulkacit DM), X is a 2-benzo- 
thiazolylthiyl group and the splitting yields only 2-mercaptobenzothiazole. 
Besides retarding the prevulcanization, this accelerator behaves very much like 
2-mercaptobenzothiazole, for example, in activation reactions. 

With sulfenamides, however, X is —-NHR or —NR¢» and equimolar pro- 
portions of 2-mercaptobenzothiazole and a base are formed by the splitting. 
The base is in statu nascendi, available in the immediate vicinity to activate the 
2-mercaptobenzothiazole. Since the rate of vulcanization caused by such an 
accelerator is at its fastest in the presence of an equimolar amount of base, we 
may expect the maximum speed of vulcanization, after it has started, from the 
use of sulfenamides. 

The magnitude of the temperatures at which the amines are split from the 
sulfenamides determines the prevulcanization behavior of the rubber compound ; 
or in other words, determines the safety of handling of the compound. The 
behavior of sulfenamides with higher decomposition temperatures such as 
benzothiazolyl-2-dicyclohexylsulfenamide (Vulkacit CZ), which have better 
thermal stability, will be reported on later. If a rubber compound containing 
a sulfenamide (even though no free sulfur is present) is heated to temperatures 
above the decomposition point of the accelerator, as may well happen in a hot 
mixing procedure, the sulfenamide begins to decompose. As a result of this, 
and depending on the intensity of the heating, the characteristic retarding 
effect of this accelerator on initiation of vulcanization, is progressively lost 
and the safe-handling features of the compound are impaired. 

The splitting may follow either a reductive or a radical forming course, but 
goes for the most part with the formation of radicals: 

—S-—xX- + 2H ——— -SH+xX-H; -S-—X-——— -S*+ X"* 
reductive radical 

With dry heat, the splitting process follows the radical forming course ex- 
clusively because a minimum activation energy is needed in this case’. 

With the radical forming mechanism, we should expect to be able to perform 
sulfurless cures with sulfenamides as may be done with thiuram disulfides. 
This is actually the case, to be sure, larger proportions of the sulfenamides being 
necessary for this. Dogadkin‘ attained a marked increase in modulus when he 
cured a butadiene-styrene copolymer with large amounts of sulfenamide. We 
verified this observation in our own work. The effect also appears with large 
amounts of sulfenamides in natural rubber. It was found in practice that 
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natural rubber batches containing 20% of benzothiazolyl-2-cyclohexylsulfen- 
amide can show prevulcanization when stored warm (hot sheets rolled up). 
The sulfur-nitrogen bond in sulfenamides is distinctly less stable in the presence 
of hot steam than it isin hot air. Hydrolytic splitting results from the presence 
of moisture. Hence rubber compounds containing sulfenamides vulcanized 
in steam show an earlier start of vulcanization than when they are cured in a 
press. 


SUMMARY 


In this work, it is shown that the special characteristics of sulfenamides 
must be taken into consideration so that the assurance in the processing of rub- 
ber compounds in which these reagents are used as accelerators may not be im- 
paired. At higher temperatures the sulfenamides are split into equimolar pro- 
portions of 2-mercaptobenzothiazole and amine. This is a combination, which 
depending on the components and their amounts, makes an especially active 
accelerator system. The thermal pretreatment of rubber compounds which 
contains sulfenamides must be so controlled that the decomposition tempera- 
ture of these accelerators, which depends among other things also on the com- 
pounding ingredients, is not prematurely exceeded. 
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INTRODUCTION 


The transportation segment of the rubber industry utilizes approximately 60 
per cent of the new rubber consumed per year’. Approximately 20 per cent of 
this new rubber (280,000 long tons) goes into tires or other applications for 
trucks and buses!. To date the use of natural rubber in high speed, heavy 
duty truck and airplane tires is customary. In fact, natural rubber has been 
considered almost indispensable for certain applications®*». As a consequence, 
the United States Government maintains a substantial stock pile of natural 
rubber to insure a continuing supply of this mateiral if an emergency should 
develop. 

Approximately two years ago the preparation of elastomers of controlled 
structure by means of stereospecific catalysts was announced®*”, These de- 
velopments have been of intense interest not only because of the potentialities 
of such polymerization systems but also because the effect of polymer structure 
on the physical properties displayed by the rubber could be systematically 
studied for the first time®. The fact that high (95 per cent cis configuration) 
polybutadiene rubbers display hysteresis properties fully equivalent to natural 
rubber has stimulated interest in elastomers of this type. Although these cis- 
polybutadiene rubbers process fairly easily as long as raw Mooney is low, mill 
handling and extrusion rating become much poorer as the raw Mooney of the 
polymer is increased. 

If by blending high cis-polybutadiene rubber with other elastomers a mutual 
improvement in the properties of each polymer could be realized, conceivably 
a product superior to Hevea for applications such as heavy duty truck and bus 
tires might be developed. Thus, this country’s dependence on a large stock 
pile of natural rubber might be alleviated. 


POLYMERS AND PROCESSING 


cis-Polybutadiene—95 per cent cis, 2 per cent trans and 3 per cent vinyl 
configuration. These polymers contained 1.8 per cent phenyl-2-naph- 
thylamine as antioxidant. All polymers were gel free. Mooney viscosi- 
ties were 35 to 45 ML-4 at 212° F unless otherwise indicated. 

Natural Rubber—Premasticated No. 1 smoked sheets except for factory 
mixed stocks. 


If an experimental polymer is to be readily accepted by the consumer it 
should have good processing characteristics. In general, to be acceptable in 
this respect, a polymer should be easy to compound on commercial equipment, 

* Reprinted from Rubber and Plastics Age, Vol. 39, pages 867-874 (1958). 
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TABLE I 
CoMPOUNDING RECIPES 


Experimental Control 


cis-Polybutadiene variable 
No. 1 Smoked sheets variable 
Phiiblacks O 50 

Zine oxide 

Stearic acid 

Antioxidant 

Resin 731 D? 

Pine tar (medium) 

Sulfur 75 
Santocure® variable* 


wo | mon SS | 


o-= 
a 
or 


* 1.0 phr in fo-pibetedion: 0.85 in 3:1 blend and 0.7 in 1:1 blend. 
« A trademark, Phillips Petroleum Company. 

+’ Modified Wood Rosin produced by catalytic disproportionation, Hercules Powder Co. 
¢ N-Cyclohexyl-benzothiazolyl-2-sulfenamide, Monsanto Chemical Co. 


it should have enough green tensile and tack to handle satisfactorily in the 
factory and must extrude smoothly and at a high rate®””. 

High cis-polybutadiene mills like butadiene-styrene (SBR) rubber at tem- 
peratures below 110° F when compounded in conventional tread type recipes. 
At a temperature of approximately 110° F, however, rubbers in the 30- to 
40-Mooney range and higher display an obvious transition and at higher tem- 
peratures the compounded stocks are too short and weak to band on the roll 
mill. The compounds have poor green tensile, and give very rough extrusions. 
Although the vulcanizates of cis-polybutadiene have excellent hysteresis prop- 
erties and potentially high abrasion resistance, these rubbers probably could 
not be processed in a factory without special handling unless the processability 
was improved. 

In limited tests it was discovered that blends of cis-polybutadiene and 
natural rubber could be processed easily and a complete evaluation program was 
initiated. 

E ffect of ratio of cis-polybutadiene to natural rubber.—In the initial investiga- 
tions it was desired to keep the ratio of cis-polybutadiene to natural rubber as 
high as practical. Therefore, a 54-Mooney cis-polybutadiene was milled in 
3:1 and 1:1 blends with natural rubber. These stocks were mixed ona6 X 12 
inch roll mill at 158° F in the recipes shown in Table I. 

The data in Table II show the tensile, flex life and processability improved 
as the proportion of natural rubber in the blend was increased. The 1:1 blend 


TABLE II 


EFFECT OF cis-POLYBUTADIENE-NATURAL RUBBER 
Ratio ON PROPERTIES 
(30 minutes cure at 307° F) 
Extrusion at 
Ratio of Resili- Flex MS-1} 250° F 
9 Tensile, AT, 2e, life, t 


i Pa SR 
PBd/NR* psi °F v7; M 212° F In/min Rating 
2200 38.8 ‘ 1.2 60 33.4 6- 

2580 44.6 3 3.5 58.5 36.3 6+ 

3390 43.9 ; 20.9 49.5 40.8 9+ 

3400 47.9 : >50.0 48 51.5 11l-— 


* cis-Polybutadiene/natural rubber. 
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EXTRUSION RATE EXTRUSION APPEARANCE 
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Fie. 1.—Effect of cis-Polybutadiene/natural rubber ratio on processing. 


gave a good balance of physical properties but was not quite as easy processing 
as desired. 

Since lower Mooney cis-polybutadiene processes easier than higher Mooney 
polymer a 26-Mooney polymer was chosen for a more extensive study of the 
effect of the blend ratio. With this polymer the proportion of cis-polybutadiene 
in the blend was varied from zero to 100 per cent. These stocks were milled in 
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Fie. 2.—Effect of cis-Polybutadiene/natural rubber ratio on properties. 
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a recipe similar to that shown in Table I for the experimental stock except 5 phr 
Philrich 5 oil was used instead of 3 phr pine tar. The accelerator levels were 
0.6 phr for natural rubber and 1.0 phr for cis-polybutadiene. Proportional 
amounts of accelerator were used for the blends. 

The 26-Mooney cis-polybutadiene processed fairly well either alone or in 
any proportion with natural rubber (Figure 1). Some of the physical proper- 
ties, Figure 2, varied linearly with increasing natural rubber content; however, 
the stress-strain properties appeared to change less rapidly after the proportion 
of natural rubber exceeded 50 per cent. The 26-Mooney cis-polybutadiene 
gave higher heat build-up than the 54-Mooney polymer used previously. Con- 
sequently, the blends of this polymer with natural rubber also gave slightly 
higher heat buildup than was observed in the blends with 54-Mooney rubber. 

Effect of raw Mooney of cis-polybutadiene.—Although 26-Mooney cis-poly- 
butadiene could be processed easily either alone or in blends with natural rub- 
ber, it imparted slightly higher heat buildup than desired. Otherwise, the 1:1 
blend of this cis-polybutadiene with natural rubber gave a good balance of 
physical properties compared to the natural rubber control. A 1:1 blend ratio 
was, therefore, chosen to study the effect of the Mooney of the cis-polybutadiene 
on the properties of such blends. A rubber compounder would normally use 
more plasticizer with higher Mooney polymers; however, in order to limit the 
variables a common level of plasticizer and accelerator was employed in this 
investigation. The recipe follows: 


TaBLe IIT 
CoMPOUNDING RECIPE 


cis-Polybutadiene 
No. 1 Smoked sheets 
Philblack O 

Zinc oxide 

Stearic acid 
Antioxidant 
Philrich* 5 

Sulfur 

Santocure 


* A trademark, Phillips Petroleum Company. 


On a6 X 12 roll mill at 158° F the time required to blend the two polymers 
increased from 2.75 to 5 minutes as the Mooney of the cis-polybutadiene varied 
from 14 to 81 ML-4. On a laboratory scale both polymers can be dropped 
through the mill rolls simultaneously until blended. On a larger scale, how- 
ever, the blending would be most conveniently handled by banding the natural 
rubber and adding the cis-polybutadiene in increments. The polymers will not 
band smoothly until completely blended and experience has shown that addi- 
tion of the compounding ingredients before homogeneity is attained will result 
in poor dispersion and low tensile strength. 

Increasing the Mooney of the cis-polybutadiene increased the compounded 
Mooney of the blend stocks and gave poorer processability at the plasticizer 
level employed (Figure 3). When the raw Mooney of the cis-polybutadiene 
exceeded the 40-Mooney range, the blends became increasingly baggy during 
black addition and harder to keep banded tightly after compounding. The 
extrusions also became rougher in appearance. The modulus and resilience 
increased and the heat buildup decreased; ultimate tensile (Figure 4) and 
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Fic. 3.—Effect of cis-Polybutadiene Mooney on processing of blends. 





STRESS-STRAIN 


TENSILE 2 


« 3000 
a LEGEND 


O- I:| BLEND STOCKS 


@ NO.| SMOKED SHEETS 
300% MODULUS 


OO 


1 4 ry 1 1 1 — 
20 40 








60 80 100 
ML-4 OF cis-POLYBUTADIENE IN BLEND 








HEAT BUILD-UP RESILIENCE 


a 


40 i 1 i 1 i i i 4 
” 0 40 60 8 


20 40 60 80 2 0 
ML-4 OF cis-POLYBUTADIENE IN BLEND ML-4 OF cis-POLYBUTADIENE IN BLEND 


t=2) 
o 
o 


PER CENT 


w 
o 
~ 
= 


AT AT 15 MINUTES, F 
RESILIENCE 

















Fia. 4.—Effect of cis-Polybutadiene Mooney on properties of blends. 








CIS-POLYBUTADIENE-NATURAL RUBBER BLENDS 313 


elongation (not shown) remained fairly constant. With higher levels of plasti- 
cizer the blend with even 81-Mooney cis-polybutadiene should process as easily 
as the other blends; however, from the standpoint of keeping the plasticizer as 
low as possible and the blend time short, cis-polybutadiene polymers in the 35- 
to 45-Mooney range were selected for further study. 

Banbury mizing.—It was known (from limited screening studies) that low 
tensile strength would be obtained with mill mixed blends if these were com- 
pounded before complete homogeneity was attained. Since the Banbury is a 
more efficient mixer it was considered that, when using this machine, a homog- 
enous blend of the rubbers might not be necessary before black addition in 
order to obtain satisfactory properties. The time required to blend 40-Mooney 
cts-polybutadiene with natural rubber in a “B”’ Banbury (158° F, 87 rpm) was 
found to be 2.5 minutes. This was determined by the appearance of the raw 
rubber, power requirements and temperature buildup. Therefore, the two 
polymers were blended 0.5, 1.0, 2.0, and 2.5 minutes prior to the addition of the 
black and chemicals. The mixing time after blending was kept constant at 4 
minutes. These stocks were mixed in a recipe identical to that shown in Table 
III. 

All of the Banbury mixed stocks had good pigment dispersion and banded 
readily on a 158° F roll mill. The physical properties for the vulcanizates, 
shown in Figures 5 and 6, were similar for stocks mixed at all the blend times 
and were equivalent to those of the mill mixed control. 

The natural rubber used for these laboratory evaluations had been previously 
broken down during the blending of a large lot for use as a laboratory control. 
A factory test with unbroken down natural rubber has indicated that tempera- 
ture buildup is slow until the polymers are completely blended and the total 
mixing time was therefore lengthened. Premasticated natural rubber would 
probably be desirable for obtaining uniform blends most quickly. 





EXTRUSION APPEARANCE 


LEGEND 
O BANBURY MIXED STOCKS 


@ MILL MIXED CONTROL 








MILL MIXED CONTROL 





} 1.0 2.0 2.5 
BANBURY BLEND TIME-MINUTES 
60 





COMPOUNDED MOONEY 


50F 
| ce 0, 





40 


MS 11/2 AT 212F 








1 1 L 1 i 
0.5 1.0 1.5 2.0 2.5 
BANBURY BLEND TIME-MINUTES 


Fia. 5.—Effect of Banbury blend time on processing. 











314 RUBBER CHEMISTRY AND TECHNOLOGY 


























4 
oe STRESS~ STRAIN 
TENSILE fe) O 
© 3000 ° LEGEND 
ze © BANBURY MIXED STOCKS 
ad 
= 2000 @ MILL MIXED CONTROL 
300% MODULUS 
amma ° 2 o o 
A i i rt i i 1 i 1 i. 
— a ae Lv oe 
BANBURY BLEND TIME-MINUTES 
60 90 
HEAT BUILD-UP RESILIENCE 
80+ 


~~ 


40-r 


AT AT 15 MINUTES, F 
wo 
So 
T 


1 i 1 1 iL. 
05 10 15 20 2.5 
BANBURY BLEND TIME-MINUTES 











Fig. 6.—Effect of Banbury blend time on properties. 


RESILIENCE, 
PER CENT 


= 





708 


i 








0 05 10 


i 1 
15 20 25 


BANBURY BLEND TIME-MINUTES 


PHYSICAL PROPERTIES OF 1:1 BLENDS 


To characterize the physical properties of blends of cis-polybutadiene and 
natural rubber, various tread formulations have been studied. 
be considered under the following divisions: Effect of (1) accelerators, (2) cure 
temperature, and (3) sulfur and accelerator levels. 

Effect of accelerators.—In the rec ipes used the scorch time of the cis-poly- 
butadiene-natural rubber blend stocks, although slightly better than that of the 


TABLE IV 
Errect oF VARIOUS ACCELERATORS ON PROPERTIES OF BLENDS 


(30 minutes cure at 307° F) 


Cross- 
linking 
v X104, 
Accelerator moles/ce 
Diisopropylamine-benzothia- 1.68 
zole-2-sulfonamide* 
Diisopropyl-benzothiazole- 1.70 
2-sulfenamide? 
N-Oxydiethylene-benzothia- —1.89 
zole-2-sulfenamide® 


N-tert- Butyl-benzothiazole- 1.75 
2-sulfenamide?# 
N-Cyclohexyl-benzothiazole- 1.67 


2-sulfenamide* 


« DIBS—American Cyanamid Co. 


Com- 
pres- 
sion 
set, 
of 
oO 


23.5 
23.6 
12.8 
14.2 
15.0 


300% 
Mod- 
ulus, 
psi 
1250 
1300 
1500 
1375 
1250 


Ten- 
sile, 
psi 
3385 
3100 
3265 
3600 
3085 


+’ DIPAC—Sharples Che »mical Div., Pennsylvania Salt Mfg. Co. 


¢ NOBS Special—American C: yanamid Co. 
4 Santocure NS—Monsanto Chemical Co. 
¢ Santocure—Monsanto Chemical Co. 


Elon- 


gation, 
or 
40 


570 
500 
490 
565 
525 


47.3 
44.6 
40.2 
41.2 
44.2 


Shore 
hard- 
ness 


60.5 
61.0 
62.0 
62.0 
60.5 


This work may 


Scorch 
@ 
280° F, 
minutes 
17 
17 


13.5 


12 
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Fia. 7.—Effect of cure temperature on stress-strain properties of blends. 


natural rubber control (9 to 10 minutes at 280° F), was still relatively short. 
It was considered advisable to investigate the effect of the new “‘delayed-action”’ 
accelerators to determine if the scorch resistance of the blended polymers could 
be improved, if desired. The recipe in Table III was employed. 

The accelerators studied and the data obtained are listed in Table IV. 
These results show that any of the accelerators used imparted a good balance 


of properties at reasonable loadings (0.6 phr). 


Scorch resistance is best with 


the diisopropylamine-benzothiazolyl-2-sulfonamide or diisopropyl-benzothi- 


azolyl-2-sulfenamide accelerators. 


According to these data improved scorch 


resistance can be obtained if needed by merely changing the type of accelerator 


employed. 
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Fie. 8.—Effect of cure temperature on crosslinking and heat build-up of blends. 
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TABLE V 
REvIsED COMPOUNDING RECIPE 
cis-Polybutadiene 50 
No. 1 Smoked sheets 50 
Philblack O 50 
Zine oxide 3 
Stearic acid 3 
Antioxidant 1 
Resin 731 D 5 
Philrich 5 5 
Sulfur 2 
NOBS Special 0.6 


Effect of cure temperature.—It is known that the curing temperature affects 
the physical properties of the vuleanizates. Natural rubber, for instance, has 
been shown to give vulcanizates with poorer physical properties when cured at 
high temperatures’. SBR rubbers have been shown to exhibit similar effects". 
Therefore, it was considered advisable to determine the relation of the cure 
temperature to the physical properties obtained with cis-polybutadiene- 
natural rubber blends. 

The blends were compounded in the recipes given in Table III and physical 
properties were determined on test samples cured at 280°, 307° and 334° F. 
Some of the more cure dependent properties are depicted in Figures 7 and 8. 
These graphs show better physical properties were obtained using a cure 
temperature of 280° F than at 307° or 334° F. Appreciable reversion was im- 
parted by the higher cure temperatures, as indicated by the decrease in cross- 
linking and modulus and increase in heat generation with increasing cure time. 

In view of the preceding trends slight modifications of the recipe were studied 
to determine if this deficiency could be overcome. 

The recipe in Table V gave very satisfactory results. 

This recipe gave more comparable properties at 280° and 307° F cure tem- 
peratures with less reversion at long cure times. The advantages of the revised 
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Fia. 9.—Effect of cure temperature on stress-strain properties of blends (revised recipe). 
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TaBLe VI 


EFrrect oF ACCELERATOR AND SuLFuR LEVEL 
ON PROPERTIES OF BLENDS 


Com- 
Cross- pres- 300% 
NOBS _iinking sion mod- Ten- Elon- Resil- Shore 
Sulfur, special, » X10, set, ulus, sile, gation, AT, ience, hard- 
phr phr- moles/ce % psi psi % oF % ness 


1:1 Blend cis-Polybutadiene-No. 1 Smoked Sheets 


1.25 0.8 1.34 17.3 1050 3380 625 45.3 69.6 56 
1.25 1.0 1.50 14.1 1220 3120 550 43.6 72.5 58 
1.25 1.2 1.64 12.3 1520 3360 540 41.2 73.0 59 
1.25 1.4 1.70 11.0 1625 3150 480 40.5 73.9 60.5 
1.75 0.6 1.47 20.3 1200 3330 595 44.9 70.5 56.5 
1.75 0.8 1.67 15.1 1425 3300 545 41.5 73.0 59 
1.75 1.0 1.78 12.7 1710 3200 480 39.2 75.5 61 
2.0 0.4 1.26 26.1 1010 2980 640 54.1 66.3 55 
2.0 0.6 1.53 18.5 1370 3210 570 42.2 71.7 58.5 
2.0 0.8 1.77 14.1 1700 3350 520 37.5 75.0 60.5 
2.0 1.0 1.91 12.1 1700 2920 450 36.8 77.4 61.5 
2.5 0.4 1.42 24.0 1160 3150 610 50.0 70.9 56 
2.5 0.6 1.76 18.7 1500 3000 500 39.5 75.0 60 
2.5 0.8 1.98 15.6 1800 3035 465 37.1 76.1 61.5 





Natural Rubber Control 
2.0 — 1.31 14.1 1930 3840 520 40.5 70.3 62 


Circulating Air Oven Aged 24 Hours at 212° F 
1:1 Blend cis-Polybutadiene—No. 1 Smoked Sheets 


1.25 0.8 1550 2760 450 40.2 74.2 61.5 
1.25 1.0 1690 2700 430 41.2 73.4 63.5 
1.25 1.2 1950 2700 390 38.8 75.4 63.5 
1.25 1.4 2060 2830 400 36.8 77.2 65 
1.75 0.6 1870 2570 405 38.5 75.3 63 
1.75 0.8 2020 2425 360 37.1 75.7 64.5 
1.75 1.0 2230 2470 330 37.1 77.2 66 
2.0 0.4 1550 2140 390 43.6 72.7 61.5 
2.0 0.6 1940 2690 400 36.8 76.5 65 
2.0 0.8 2210 2600 350 37.1 76.8 66.5 
2.0 1.0 2290 2540 330 35.1 77.7 67 
2.5 0.4 1840 2280 370 40.2 74.8 63.5 
2.5 0.6 2250 2450 330 35.8 77.5 66 
2.5 0.8 — 2260 280 35.5 78.7 68 
Natural Rubber Control 
2.0 —_ 2340 2900 390 39.9 73.3 66 


* Recipe similar to control stock shown in Table I. Philrich 5 softener 5 phr replaced Pine Tar. 0.5 
phr Santocure, 2.0 phr sulfur employed. 
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Fic. 10.—Effect of cure temperature on crosslinking and heat buildup 
of blends (revised recipe). 


recipe are indicated by comparison of the graphs (Figures 7 and 8) to the data 
depicted in Figures 9 and 10. The recipe in Table V, with slight modifications 
in some instances, has been used for the later developmental work on the blend 
compounds. 

Effect of variable sulfur and accelerator levels——In work thus far discussed 
sulfur levels of 1.75 or 2.0 phr were arbitrarily selected. This approximates 
the normal sulfur level used in both SBR and natural rubber tread compounds 
and it was surmised that the 1:1 blend would cure similar to natural rubber or 
a blend of natural rubber and SBR. A systematic study was undertaken to 
establish the sulfur and accelerator levels for optimum physical properties in 
cis-polybutadiene-natural rubber blends. 

With the exception of the curative levels the recipe used for the experimental 
stocks was identical to that shown in Table V. Sulfur levels of 1.25, 1.75, 2.0 
and 2.5 phr were investigated with variable levels of NOBS Special accelerator, 
as shown in Table VI. 

The data show that compounds having good physical properties were ob- 
tained at each of the sulfur levels studied. Of course, each sulfur level requires 
the selection of the proper accelerator level to give the best balance of proper- 
ties. For example, the best properties appear to be obtained with the follow- 
ing combinations. 


Sulfur (phr) NOBS special accelerator (phr) 
1.25 1.2 
1.75 0.8 
2.00 0.6-0.7 
2.5 0.5-0.6 


An examination of the stress-strain data on aged stocks indicates that the 
higher sulfur levels gave vulcanizates with somewhat poorer aging characteris- 
tics than were obtained using the lower levels. The 1.25 phr sulfur level, in 
particular, gave good aging resistance. 
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TIRE TESTS 
cis-Polybutadiene-natural rubber blends (1:1 ratio) gave excellent hystere- 
sis properties, good tensile strength and processed satisfactorily when com- 
pounded in the recipe shown in Table V. Therefore, a series of retread tire 


tests was initiated to determine the service performance of 1:1 cis-polybuta- 
diene-natural rubber blends compared to natural rubber or Philprene 1500. 


TaBLe VII 
ComPpouNDING Recipes FoR RetTREAD TEsTS 
Natural SBR 

Experimental rubber 1500 
cis-Polybutadiene 50 — — 
Natural rubber 50 100 — 
SBR 1500 — — 100 
Philblack O 50 50 50 
Zine oxide 3 3 3 
Stearic acid 3 3 1 
Antioxidant 1 1 1 
Resin 731 D 5 — — 
Philrich 5 5 5 10 
Sulfur 2 2 1.75 
NOBS special 0.6 — — 
Santocure — 0.4 1.2 


The recipes for the experimental and control stocks are shown in Table VII. 

The tires were half-and-half construction retreads on new 7:60 X 15 car- 
casses. Testing of the tires was conducted using Dodge station wagons operat- 
ing on a regular route in the Southwest. The data obtained are summarized 
below. 


Abrasion 

index, % Cracking 
Natural Rubber 100 Severe surface 
SBR 1500 110-115 None 
50/50 cis-Polybutadiene-natural rubber blend 125-135 None 


These results are based on a total of three tire tests. 

A factory mixing program has been completed comparing a 1:1 blend to 
natural rubber. No serious processing problems were encountered with the 
blend compound and 10:00 inch X 20 inch truck tires were constructed. The 
testing of these tires is now in progress. 


CONCLUSIONS 


The preparation of 1:1 cis-polybutadiene-natural rubber blends has been 
shown to be feasible on a laboratory scale. Blends of this type have displayed 
hysteresis properties equivalent to the natural rubber control and have ex- 
hibited satisfactory modulus, tensile and Shore hardness in the recipes de- 
veloped. Tests on retread passenger tires have confirmed the excellent service 
performance indicated for blends of this type compared to natural rubber by 
giving outstanding abrasion resistance and better resistance to cracking. 

The compatibility and acceptable processing characteristics of cis-poly- 
butadiene-natural rubber blends have been confirmed by factory mixing. 
Based on the results to date it appears that 1:1 blends of cis-polybutadiene and 
natural rubber should be significantly better than natural rubber alone for 
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heavy duty truck tire treads. Road testing of 10:00 inch X 20 inch truck tires 
is now in progress. If the outstanding performace of the blends is confirmed, 
the utilization of cis-polybutadiene rubber in truck tires could materially lessen 
the dependence of the rubber industry on natural rubber. 


TEST PROCEDURES 


Compression Set—ASTM D-395-55, Method B, modified (0.325-inch 
spacers), two hours at 212° F plus relaxation for one hour at 212° F. 

Tension Tests—ASTM D-412-51T, Scott Tensile Machine, L-6. Tested at 
designated temperature. 

AT, F, Heat Buildup—Goodrich Flexometer, 143 lb/sq inch load, 0.175 inch 
stroke. AT equals rise in temperature above 100° F oven in 15 minutes. 

Blowout—Goodrich Flexometer, 257 pounds per square inch load, 0.250- 
inch stroke, 200° F oven temperature. Reported as running time to failure of 
test specimen. 

Resilience—ASTM D-945-55, modified, Yerzley Oscillograph. Test speci- 
men, right circular cylinder 0.70 inch diameter and 1.0 inch height. 

Shore A Hardness—ASTM D-676-55T, Shore Durometer, Type A. 

Mooney Scorch—ASTM D-1077-55T, Mooney Viscometer, large rotor. 
Scorch in minutes to 5 point rise above minimum Mooney. 

Compounded Mooney—ASTM D-927-55T, Mooney Viscometer, small rotor, 
212° F, 1.5 minutes. 

Extrusion—No. } Royle Extruder with Garvey die. See Ind. Eng. Chem. 
34, 1309 (1942). 

Crosslinking—Determined from reciprocal volume swell and equilibrium 
modulus. See: 


(1) Flory, P. J., and Rehner, J., Jr., J. Chem. Phys. 11, 521 (1948). 
(2) Flory, P. J., J. Chem. Phys. 18, 108 (1950). 
(3) Kraus, G., Rubber World 135, 67, 254 (1956). 
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CARBOXYLIC RUBBERS. I. SYNTHESIS 
AND STRUCTURES * 
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T. G. ZHuRAVLEVA, AND G. P. BELONOVSKAYA 
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It is well known that the high strength of unfilled (pure gum) natural rubber 
and some synthetic rubber compounds can be explained by the homogeneity of 
the polymer chain which determines its ability to crystallize or to orient on 
stretching. The character of the vulcanization network as well as the structure 
of the main chain is of importance. This has been verified by the use of poly- 
ethylene polyamines and other chemical compounds as vulcanization accelera- 
tors for butadiene-styrene rubber (SKS-30A) to produce high strength (up to 
200 kg/cm?) gum rubber compounds. In certain cases, only the structure of 
the vulcanization network obtained with carboxyl-containing rubber com- 
pounds can account for obtaining the same effects as are obtained with natural 
or other synthetic rubber compounds as a result of homogeneity of polymer 
chain. 

The first work done by us on carboxyl-containing (carboxylic) rubbers was 
done in 1954-1955. In this work it was shown that polymers of isoprene and 
of butadiene, copolymers of butadiene with styrene, butadiene with acrylonitrile, 
and others, which contain small quantities of methacrylic acid (1-2 mole %) in 
the chain, can be vulcanized with oxides of divalent metals to give pure gum 
and lightly filled compounds characterized by high strength and elasticity, 
good resistance to heat aging and good cut growth resistance. 

Table I gives data on the properties of pure gum and lightly filled com- 
pounds of carboxylic rubbers obtained by vulcanization with metal oxides, 
compared with the properties of natural and of other synthetic rubber com- 
pounds. 

The first foreign information about carboxylic rubbers was published in 
1954'. Rubbers from tripolymers of butadiene, acrylonitrile and methacrylic 
acid were studied in that paper. The methacrylic acid content of these poly- 
mers was 4.3% by weight. Vulcanization of the compounds of these polymers 
was accomplished by means of the reaction of carboxy] groups with metal oxides 
or salts and also by the reaction of double bonds using sulfur and accelerators. 
It was also shown that the pure gum compounds of these polymers possess 
greater tensile strength and tear resistance than the corresponding butadiene- 
acrylonitrile copolymer compounds. Such polymers are produced in the USA 
as Hycar latexes 1571 and 1572. They are used in the leather, paper and textile 
industries. 

The paper published by Brown and Gibbs?, in 1955, describes the prepara- 
tion of the carboxylic rubbers by copolymerization of unsaturated carboxylic 
acids with various olefins and diolefins, and gives data on their properties. 


* Translated by Theodor Tarasjuk, Katherine and Willard P. Tyler for Rusper CuHemistrRY AND 
Tecuno.oey from Kauchuk i Rezina 16, No. 2, pages 11-14 (1957). 
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TABLE I 
THE PrRoPeRTIES OF GuM AND LIGHTLY FILLED RuBBERS 





r Gum compounds Compounds with 30 parts channel black 
o t “ iS ~~ a © od at _ 
Sit ia. 2 is “as yf my 
. © - Seok Bereaved Se i, 
& 2 2 5 2 a Resistance 
Pose + : ZB 8 . 3B tocut ‘ , 
fiz 43 5 83 SF 2 Rat sie see 
soe go Se 8 ae Sd £ " a8 66 
Rubber «SSR GY SS 8 G2 SS & ‘cycle GES SES 
Natural 0 250- 800- 63— 370- 750—- 50 270,000 59 335 
300 900 69 400 850 
SKS-30A 0 66 810 57 236 750 51 130,000 111 310 
SKS-30-1* 15 300- 850 68 367 815 59 360,000 372 800 
400 
Polybutadiene 
(emulsion) 0 28 850 65 113°* 835 42 — 149 280 
SKB-1* 3 337 800 72 298 765 66 360,000 273 665 
Polyisoprene 
(emulsion) 0 20 900 67 #143 570 49 15,000 76 240 
SKIZ.1* 2 275 780 70 194 670 59 360,000 199 600 
SKS-10 0 30 650 58 100*** 600 48 40,000 160*** 260 
as 


SKS-10-1* 2 170- 1000 70 290 900 60 360,000 308 650 
200 


* The index, 1, indicates carboxyl groups in the chain. 
** Data for rubbers with 50 parts by weight of channel black. 
*** After aging for 72 hours. 


The carboxyl content was varied over a wide range and the best tensile strength 
was obtained with polymers containing a considerable amount (2.6-8.6%) of 
methacrylic acid. There was no discussion of the practical value of the car- 
boxylic polymers in this paper. 

The work of Marvel and Potts* gives the preparation and properties of co- 
polymers of butadiene with larger quantities of acrylic acid (15-25 parts by 
weight). Vulcanization was achieved in this case with sulfur, accelerators of 
sulfur vulcanization and metal oxide activators. The authors mention the 
high oil resistance of the rubber compounds. 

The present work describes the results of work done in 1954-1955 on syn- 
thesis of carboxylic polymers and studies of the structure and properties of the 
rubbers and rubber compounds. 


SYNTHESIS OF CARBOXYLIC POLYMERS AND STRUCTURE STUDIES 


Carboxylic polymers were synthesized by copolymerization of various 
monomers with methacrylic acid in water emulsion at 5°. Initiation of poly- 
merization was achieved by use of a reversible oxidation-reduction system which 
consisted of isopropyl benzene hydroperoxide, dihydroxymaleic acid and a very 
small quantity of an iron salt‘. Initiation of polymerization by this system is 
due to decomposition of hydroperoxide by Fe** salts. The role of the dienol is 
to reduce ferric salts to ferrous salts. The polymerization was carried out in 
acid medium because methacrylic acid goes into the water phase in alkaline 
solution and takes almost no part in the polymerization. 

For emulsion copolymerization of olefins with unsaturated acids which are 
soluble in water, the concentration of the acid in the hydrocarbon phase de- 
pends on its initial concentration and on the ratio of aqueous to hydrocarbon 
phase. The chemical composition of the polymer is determined by the com- 
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position of the hydrocarbon phase. We established that at methacrylic acid 
concentrations of from 0.2 to 1.5% by weight, the larger part of it (90-75% of 
the added amount) is in the aqueous phase. The fraction of the acid in the 
aqueous phase is greater the lower the acidity of the initial mixture and the 
higher the ratio of aqueous to hydrocarbon phase. 

It is known that the composition of copolymers is determined by the re- 
activity ratios of the monomers with the corresponding radicals. In the 
binary systems, butadiene-methacrylic acid and styrene-methacrylic acid, 
methacrylic acid is the most active monomer. This follows from the monomer 
reactivity ratio data: for the first pair, r; is 0.201 and re is 0.5265; for the second 
pair, r; is 0.15 and r2 is 0.70®. Asa result, the polymer formed in the first stage 
of the process must be rich in methacrylic acid and the chemical composition 
of the copolymer must change with the degree of conversion. 

No data are given in the literature for the reactivity ratios of isoprene and 
methacrylic acid in copolymerization. The little existing knowledge about the 
composition of the copolymer concerns polymers formed at very high degrees 
of conversion (78-92%), and therefore can not be used for this purpose. We 
felt it was necessary, first of all, to study changes in carboxyl! content of the co- 
polymer with the degree of conversion by conducting the process in aqueous 
emulsions. 
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Fic. 1.—Change in methacrylic acid content of the polymer a polymerization of isoprene with 2% 


methacrylic acid. Abscissa; Polymer conversion, %. Ordinate; % Methacrylic acid. 1.—Total con- 
tent; 2.—Differential content (content of polymer being formed). 


Direct titration with alkali does not give dependable results with polymers 
having low carboxyl content. We have developed a (gas) volumetric method 
for the quantitative determination of carboxyl groups in polymers’ based on 
alkylation of the acid with triazines. This reaction proceeds at low tempera- 
ture with nitrogen evolution according to the equation: 


CH;,N=N—NHC,H; + RCOOH ———> 


The application was substantiated in advance using benzoic and methacrylic 
acids. 

Figure 1 shows the results of determination of carboxyl content in poly- 
isoprene obtained by polymerization of a mixture containing 2% methacrylic 
acid and a ratio of hydrocarbon to aqueous phase of 1:2. At low degree of 
conversion the total methacrylic acid content of the polymer is high in com- 
parison with the initial mixture. With increasing conversion the total metha- 
crylic acid content of the polymer decreases and gradually approaches the 
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Fic, 2.—Change in methacrylic acid content of the polymer during polymerization of a mixture of buta- 
diene with styrene and methacrylic acid at 50°. Abscissa; Polymer conversion, %. Ordinate; % metha- 


erylic acid. 1,1’—1.5% methacry lic acid in monomer mixture. 2,2’—0.75% metbes srylic aid in monomer 
mixture. 1,2 Total content. 1’,2’—Differential content (content of polymer being formed). 


quantity in the original monomer mixture. The differential compsoition 
(composition of polymer being formed at a given time) of the polymer changes 
sharply during the polymerization process. At high conversion (above 40% 
the polymer being formed contains a negligible amount of methacrylic acid. 
An analogous change is found with copolymers of butadiene with styrene and 
methacrylic acid (Figure 2). 

From these data it follows that for the copolymerization of dienes with 
methacrylic acid, the polymer molecules obtained are inhomogeneous with 
respect to carboxyl group content. To obtain more homogeneous chemical 
structure, which should cause the formation of a more regular vulcanization net- 
work, it is necessary to use the compensation method of addition of methacrylic 
acid to the system during the polymerization process. 


POLYMER STRUCTURE AND VITRIFICATION 
(GLASS) TEMPERATURE 


Determination of the structure of the copolymers of isoprene and of buta- 
diene with methacrylic acid obtained from acid medium polymerization by 
means of infrared absorption spectra showed that the amounts of 1,2, 3,4 and 
1,4-cis, and 1,4-trans-structures do not differ appreciably from the amounts 
obtained with the usual polymers of butadiene and of isoprene formed in alkaline 
emulsions (Table II). 


TABLE II 


AmouNTS OF 1,2, 3,4 AND 1,4 SrRUCTURES IN THE COPOLYMERS OF ISOPRENE AND 
BUTADIENE WITH METHACRYLIC ACID, DETERMINED BY K. V. NELSON 





Methacrylic 
acid content 
of polymeriza- Amount of structure, % 
tion mixture, 7 —— —. — 
Polymer % 1,2 3,4 1,4-cis 1,4-trans 
Isoprene 0 7 4 0 89 
1 8 4 1 86 
2 8 5 0 88 
Butadiene 0 18 - 10 72 
1 24 - 0 76 
2 26 0 74 
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The small number of methacrylic acid fragments (one carboxyl group per 
200-300 carbon atoms in the main chain) did not have an appreciable effect on 
the temperature of vitrification (glass temperature or second order transition 
temperature) of the polymer. Some increase in vitrification temperature was 
observed when the acid content was increased to 3% and above. 
we STRUCTURE OF THE VULCANIZATION NETWORK OF 

CARBOXYLIC RUBBERS (WITH G. P. BARANOVA) 


The low strength of the sulfur cured gum compounds of most types of syn- 
thetic rubber is due to inhomogeneity in structure of the polymer chain, caused 
by the statistical distribution of the different types of unit structures (1,2, 
1,4-cis, 1,4-trans, 1,4-1,4-, and 1,4-4,1, fragments of the second monomer, etc.). 
Compounds of polychloroprene, polyisobutylene and polyisoprene which were 
obtained by catalytic polymerization are exceptions, since their main chains 
have more or less regular structure. They are characterized by the ability to 
orient or crystallize under stress. Emulsion polymerized polybutadiene ob- 
tained by polymerization at —30° or lower has an all 1,4-trans configuration 
and is also in this category. 

In the case of carboxylic rubber compounds vulcanized by metal oxides, the 
stress orientation effects are determined by the X-ray method as with buta- 
diene and isoprene polymers and butadiene-styrene rubber with high styrene 
content; that is, polymers characterized by a high degree of inhomogeneity in 
the chain. The orientation effect increases with increase in modulus of the 
compound. This can be achieved by increasing the number of carboxy! groups 
in the chain and by an increase in the quantity of metal oxide. This deter- 
mination was made by S. G. Strunskil. 

The steady increase in orientation and strength with increase in modulus of 
the compounds of all the rubbers shows that this effect is not due to the struc- 
ture of the polymer chain but to the properties of the vulcanization network. 
It seems to us that the high cut growth resistance of this type of rubber is di- 
rectly connected with the strengthening effect caused by stress orientation. 

In order to study the nature of the orientation effect and the high strength 
of the rubbers it is necessary, first of all, to evaluate the importance of the pres- 
ence of free carboxy! groups in the chain and to determine the role of hydrogen 
bonds. In the copolymer of butadiene with styrene containing 1.5% metha- 
erylic acid fragments, there is one carboxyl group to about 300 carbon atoms in 
the main chain. The gum compound obtained by accelerated sulfur vulcaniza- 
tion in the absence of metal oxides has very low mechanical strength (20 kg/ 
cm?) at normal temperatures. X-ray diffraction patterns of rubbers such as 
that of methacrylic acid rubber SKS-30-1 cured with MgO demonstrate the 
absence of noticeable orientation effect as is normal for sulfur cured compounds 
of butadiene-styrene rubbers. (Figure 3 illustrating this was not sufficiently 
clear to reproduce here.) Therefore, the presence of small amounts of free 
carboxyl groups in the polymer or the vulcanizate does not appreciably influence 
orientation. 

The principal question concerns the character of the salt-like bonds. It 
appears that the formation of a homogeneous vulcanization network, for ex- 
ample by bonding of polymer chains due to dissolved neutral salts, can not lead 
to the orientation effects noticed. The vulcanization of carboxylic rubbers 
with peroxides and other radical forming compounds which are rubber soluble 
leads to a homogeneous distribution of the network because of stable C—C 
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bonds, but this does not produce a strong rubber which orients on stretching. 
The orientation of stretched rubber together with high strength may be con- 
nected only with the heterogeneity of the network. 

First of all it is necessary to check the possibility of obtaining a cured rub- 
ber compound by salt formation with monovalent metals, because in this case 
there is no chance of structure formation of the chains through the usual bonds 
which can arise during vulcanization with divalent metal oxides. For this 
purpose the vulcanization agent used was sodium hydroxide. The copolymer, 
containing 73.2% butadiene, 25.5% styrene and 1.5% methacrylic acid, was 
precipitated by coagulation with C.P. sodium chloride, washed with distilled 
water and vulcanized with sodium hydroxide. The gum rubber had a tensile 
of 62 kg/cm?, but on raising the temperature to 70-100° the structure was com- 
pletely destroyed, the rubber flowed and the tensile fell to zero. The results 
are interesting in that they showed the possibility of structure formation due to 
slightly soluble monovalent salts of the polymer acid. 

When studying the question of the character of intermolecular bonds for 
the case of vulcanization with divalent metal oxides, it must be mentioned that 
not all of the carboxyl groups take part in the formation of the vulcanization 
network. This is confirmed by the increase in modulus of the rubber with in- 
crease in vulcanization time and especially with increase in the amount of 
magnesium oxide. This conclusion was also reached by I. J. Poddubnyi, 
E. G. Erenburg and E. I. Starovoitova after study of the network by the swell- 
ing method. For the particular compound studied they found that only about 
15% of the carboxyl groups took part in the formation of the vulcanization 
network. 

We found that under model experimental conditions in hydrocarbon solu- 
tions, high molecular weight fatty acids react quantitatively with zinc, mag- 
nesium and calcium oxides. Incomplete reaction in rubber is due to insolu- 
bility of the metal oxide. The reaction is therefore heterogeneous. After the 
formation of the network structure, the second component, the carboxyl group 
in the chain, also has limited mobility. 

Chemically it is possible to form two types of salts, basic (I) and neutral (II): 


O 
VA 


@ 
—C and _f Met 
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MetOH Oz) 2 
I 


II 


By the reaction of polymer acid with macroparticles of metal oxide, a basic 
salt is formed on the surface of the particle. Later, when there is an excess of 
carboxyl groups, the neutral salt is formed, part of which goes into ‘‘solution”’, 
especially at the 140° vulcanization temperature. With a decrease in tempera- 
ture the salts crystallize out. At normal temperatures the basic and neutral 
salts possess very limited solubility in hydrocarbons as has been demonstrated 
with the stearates of magnesium, calcium and zinc. 

Therefore, the bonding between molecules of polymer occurs on the surface 
of macroparticles of metal oxide or with the basic and neutral salts crystallized 
from solution. In both cases the intermolecular bond strength is proportional 
to crystallization forces of the corresponding basic and neutral salts of the 
organic acids. This explains the nature of the stress orientation of the rubber. 
This phenomenon appears to be analogous to the orientation of soap micelles 
in solution. 
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According to Kargin, the optimum in mechanical properties of the rubber 
corresponds to a definite combination of stable and labile molecular bonds which 
are in reversible equilibrium. In this case the labile bonds are the bonds in salt 
crystals that are formed on the surface of metal oxides or exist as precipitates in 
the rubber. It appears that the rubber soluble neutral salts possess the rela- 
tively stable molecular bonds. 

This paper reports the results of the work on synthesis of carboxylic poly- 
mers, the study of their composition as a function of degree of polymerization, 
and the study of the structure and other properties of the rubbers and the rub- 
ber compounds. On the basis of the experimental data conclusions have been 
made concerning the high strength of the rubbers in relation to the structure 
properties of the vulcanization network. 
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In Part I? the results of experiments on synthesis of carboxylic rubbers and 
on a study of some properties of the rubbers and of their vulcanization network 
were given. The present report deals with a detailed study of the properties of 
these rubbers and their compounds. 


TECHNOLOGICAL PROPERTIES OF THE RUBBERS 


? 


Technological or ‘‘processing”’ properties of rubbers is understood to mean 
the ability of the rubber to be mixed with other ingredients and to be cured in 
equipment used in the rubber industry. This property is measured by the 
determination of the elastic properties as a function of the micro- and macro- 
structure of the polymer chain. 

The presence of even a small amount of carboxyl group (one carboxy! group 
for each 300-400 carbon atoms in the main chain) in the polymer improves the 


technological properties of the materials considerably. Rubber of this type is 


TABLE | 


MECHANICAL PROPERTIES OF GuM CompouNps oF SKS-30-1* 
VULCANIZED WITH Caustic SopA 


Temperature of 
experiment 
AW. 





Property 20° 100° 
Modulus at 300% elongation, kg/cm? 13 0 
Tensile strength, kg/cm? 62 0 
Relative elongation, % 875 1300 
Residual elongation, % 17 156 


* Index 1 shows presence of carboxyl! groups in the chain. 


easy to mill and forms a shiny compact sheet which bands on the rolls. The 
ingredients can be added without difficulty and could be used in comparatively 
large quantities. During milling the rubber mixtures of these carboxylic rub- 
bers have the external appearance of natural rubber mixtures. The surface of 
the mixture is smooth and shiny after extrusion and calendering. 

Vulcanization.—Vulcanization of carboxylic polymers can be achieved with 
metal oxides because of salt formation, and with sulfur in the presence of vul- 
canization accelerators by means of the double bonds. In Part I, using caustic 
soda as an example, it was shown that the formation of monovalent metal salts 
results in a vulcanization effect, but that the bonds were completely destroyed 
by an increase in temperature to 100° (Table I). 


* Translated by Theodor Tarasjuk, Katherine and Willard P. Tyler for RuspeR CHEMISTRY AND 
Tecunovoey, from Kauchuk i Rezina 16, No. 6, pages 1-6 (1957). 
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TABLE II 
MECHANICAL PROPERTIES OF GuM CompouNpbs oF SKS-30-1 
VULCANIZED WITH DIVALENT METAL OXIDES 
(10 Parts PER 100 Parts or RuBBER) 


Magne- 
sium 
Magne- Cal- Cad- hy- 
sium Zine cium mium _ drox- 
Property oxide oxide oxide oxide ide 


Vulcanization 

time, min. 20 100 ‘ 120 20 10 80 
Modulus, 300%, 

kg/cm? 44 22 d 23 29 29 55 
Tensile strength, 

kg/cm? 389 132 190 220 241 394 
Elongation, % 

Relative 850 760 740 890 835 660 770 675 

Residual 22 10 22 14 23 15 2 28 18 


Gum compounds and lightly loaded black compounds of SKS-30-1 obtained 
by divalent metal oxide vulcanization possess very high mechanical properties, 
but the rate of cure and the mechanical properties of the rubbers depend, to a 
considerable degree, on the nature of the metal oxides. Rubbers obtained with 
magnesium oxide and calcium hydroxide have the best mechanical properties 
(Table IT). 

The quantity of metal oxide has considerable influence on the rate of the 
vulcanization process and the mechanical properties of the rubber compounds 
(Table III). This table shows that the rate of cure increases with an increase 
in the amount of magnesium oxide present from 1 to 3 weight parts. Upon 
increasing the quantity of metal oxide there is a steady increase in modulus and 
strength of the rubber while the relative elongation remains practically un- 
changed. 

The compounds of carboxylic rubber vulcanized only with oxides or hy- 
droxides of divalent metals show appreciable fluidity at higher temperatures 
(100° and above), especially after frequent deformation, which results in ap- 
preciable residual elongation. The residual elongation depends, to a large 
degree, on the nature of the metal oxides (Table IV). After removal of the 
deformation force a gradual transition of the rubber to its original state is ob- 
served. This reversion indicates restoration of the bonds. 

The fluidity of the rubber can be prevented by the creation of small quanti- 
ties of additional bonds in the vulcanization network which are resistant to the 
higher temperature. This can be accomplished by addition to the rubber 


TABLE III 
CHANGE OF MECHANICAL PRoPERTIES OF GUM CoMPOUNDS 
oF SKS-30-1 with MaGnestum OxIpE CONTENT 


Magnesium oxide content, parts per 
hundred of polymer 
A —---~ 


Property 2 ie 3 10 20 


Vulcanization time, minutes y 20 20 
Modulus, 300%, kg/em? 27 32 44 64 
Tensile strength, kg/cm? 204 304 349 356 
Elongation, % 
Relative 880 855 810 
Residual 16 16 19 20 
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TaBLeE IV 


MECHANICAL Properties oF Gum Compounps oF SKS-30-1 RuspperR VULCANIZED BY 
DIFFERENT DIvALENT Merau Ox1pEs aT 20 anp 100° 
Magnesium Zine Calcium 


Temper- oxide, oxide, hydroxide, 
ature Property 10 parts 20 parts 18.4 parts 


Vulcanization time, 
minutes 20 10 100 


Tensile strength, kg/cm? 245 

Elongation, % 
Relative 850 840 750 
Residual 22 20 28 


Tensile strength, kg/cm? 124 flows 120 

Elongation, % : 
Relative 705 flows 800 
Residual 48 flows 46 


mixture (in addition to metal oxides) of thiuram, sulfur and other substances 
capable of causing the formation of more stable intermolecular C—C bonds 
during vulcanization. 

The addition of thiuram to the compound, even in large quantities (4%), 
does not affect the orientation and does not make the principal mechanical 
properties any worse, but even small quantities of thiuram practically remove 
the tendency of the rubber to become fluid at higher temperatures (Table V). 


TABLE V 


MECHANICAL PROPERTIES OF BiAcK SKS-30-1 Compounps (30 Parts or CHANNEL 
Biack) VULCANIZED WITH MAGNEsIUM OXIDE AND THIURAM 
3 parts 
magnesium 
oxide, 
2 parts 
thiuram, 
1 part 
Magnesium zine oxide 
Temper- oxide, to activate 
ature Property 3 parts thiuram 
Tensile strength, kg/cm? 330 367 
20° Elongation, % 
Relative ; 845 815 
Residual 28 26 


Tensile strength, kg/cm? 92 125 
Elongation, % 
Relative 820 710 
Residual 36 20 


Residual elongation after 44 18 
stretching 60% at 100° 
for 24 hours, % 


‘ 


MECHANICAL PROPERTIES OF THE RUBBER COMPOUNDS 


Strength of gum and filled rubber compounds.—It is known that most synthetic 
rubber compounds without fillers possess low tensile strength. Butadiene and 
isoprene polymers prepared from emulsions have tensiles of 20-30 kg/cm?, and 
the tensile strength of butadiene-styrene gum rubber, SKS-30A, is 60 kg/cm. 
To strengthen these rubbers considerable quantities of active fillers such as 
carbon black, which decreases elasticity of the rubber, are added to the com- 
pound, Table VI shows the influence of carboxyl groups on the mechanical 











CARBOXYLIC RUBBERS 


TaBLe VI 


MECHANICAL PROPERTIES OF GuM COMPOUNDS OF 
CARBOXYLIC POLYMERS 


Polymers 





-_ 
Butadiene- Butadiene- 
Isoprene Butadiene styrene nitrile 

(emcee meme, ih. Matha. ¢ - ¢ om 
With- Metha- Jith- Metha- Metha- Metha- - 
out erylic out = erylic crylic crylic 
metha- acid, metha- acid, acid, acid, 
erylic erylic 3%, SKS- 





2%, 1.5%, 3%, 
Property acid SKIZ-1 acid SKB-1 30A SKS-30-1 SKN-26 SKN-26-1 


Modulus at 300% 
elongation, kg/cm? 8 50-55 10 13 30-45 14 50-70 


Tensile strength, 
g/cm? 20 275 28 3 66 300-400 80 400-500 


Elongation, % 
Relative 900 850 810 850 870 700-800 


Residual 24 35 22 16 24 16 10-20 


Elasticity by 
Schob rebound, % 67 70 65 57 67-70 — 45-50 


properties of the rubbers. From this table it can be seen that the gum com- 
pounds of carboxylic rubbers have very high tensile strength and elasticity. 

X-ray diffraction shows strong orientation in stretched rubber compounds 
of carboxylic polymers (Figure 1 in the original paper was not clear enough for 
reproduction and is omitted.). The orientation effect increases with an increase 
in the amount of carboxyl group in the chain and with increase in the amount of 
metal oxide. 

In contrast with the behavior of most synthetic rubbers, addition of black 
and other pigments to carboxylic rubbers does not strengthen the compounds 
(Table VII). In this respect, carboxylic rubbers resemble natural rubber, 
polychloroprene, butyl rubber and other polymers having regular structure. 
High strength in gum rubber compounds is due to the presence of crystallinity. 

Strength at 100°.—It is known that the change of strength of rubber with 
temperature depends first of all on the structure of the polymer chain. At 
100° the strength of natural rubber compounds decrease by only 30% while with 


TaBLe VII 


MECHANICAL PROPERTIES OF CARBOXYLIC POLYMER COMPOUNDS 
WITH 30 Parts oF CHANNEL BLACK 


Polymers 
A 





— 
’ Butadiene- Butadiene- 
Isoprene Butadiene styrene nitrile 
A >. 


‘With- Metha- With- Metha- Metha-| “ Metha- 
out crylic out erylic erylic erylic 
metha- acid, metha- acid, acid, acid, 
erylic rat , crylic 3%, SKS- 1.5%, 3%, 
Property acid SK{Z-1 acid SKB-1 30A SKS-30-1 SKN-26 SKN-326-1 
Modulus at 300% 
elongation, kg/cm? 16 70 24 100 35 70-90 86 110-140 
Tensile strength, 


kg/cm? 100 294 64 330 236 .350-450 343 380-450 


Elongation, % 
Relative 900 600 800 615 650-750 


Residual 28 27 26 61 10-20 


Elasticity by 
Schob rebound, % j 68 51 59 32 40-45 
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TaBLeE VIII 


CHANGE IN MECHANICAL PROPERTIES OF BLacK Compounps (30 Parts or CHANNEL 
BuacK) oF CARBOXYLIC RUBBERS WITH TEMPERATURE INCREASE 


Modulus at Tensile Elongation, % 
Temperature of 300% elong- strength, r A. ~ 
experiment, ° C ation, kg/cm? kg/cm? Relative Residual 
20 120 352 735 22 
60 114 244 680 24 
80 72 179 685 28 
100 48 133 670 25 





polychloroprene and butyl rubber the strength decreases by 70-90%. Car- 
boxylice rubbers lose approximately 65% of their strength at 100° (Table VIII). 
This decrease in strength appears to be duejto “melting” of the vulcanization 
network and the increase in solubility of the basic and neutral divalent metal 
salts. 

Dependence of strength on density of the network.—Tensile strength of natural 
rubber as a function of density of the vulcanization network goes through a 
maximum. Decrease of tensile after the maximum is reached is due to decrease 
in crystallization and orientation effects. 

In the carboxylic rubbers, the increase in density of the vulcanization net- 
work which occurs because of the increase of carboxyl content of the polymer 
leads to a continuous increase in the tensile strength and modulus of the com- 
pound (Figure 2). An especially great increase in strength is observed when 
the methacrylic acid content of the polymer increases to 2-3%. Relative 
elongation of the rubbers decreases with increase in carboxy] content. 
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Fie. 2.—Change of the mechanical properties of SK-1-30 gum compounds with methacrylic acid content 
of copolymers. (Translator’s note: This may refer to SKS-30-1 as in other figures, but may also be an 
experimental number.) Abscissa; Methacrylic acid content, %. Left ordinate; Stress, kg/em*. Right 
ordinate; Relative elongation, %. Curves (from top down): Tensile stength; Relative elongation ; Modu- 
lus, 300% ; Modulus, 100%. 
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Fia. 3.—Change in elasticity of black compounds (30 parts of channel black) of SKS-30-1 with temp- 
ote Abscissa; Temperature. Ordinate; Schob rebound, %. Top curve; SKS-30-1. Bottom curve; 


Relative elongation of gum compounds.—The high strength of natural rubber 
compounds is attained at about 800—-850% elongation. By increasing the 
temperature of the experiment the elongation of this rubber can be made to 
pass through’a maximum. The highest elongation is observed at 70°. On 
further temperature increase to 100° the elongation decreases to the level at- 
tained at 20°. 

In compounds of carboxylic polymers with low methacrylic acid content 
(up to 1.5%), the relative elongation at 100° stays essentially constant. 

Elastic properties.—It is well known that the elastic properties of rubbers are 
mainly determined by the structure of the polymer chain, in particular by the 
quantity and nature of the side groups. The 1-4 polybutadiene chain, which 
does not contain side groups, possesses the greatest elasticity. The introduc- 
tion of side groups, especially of a polar nature, or an isomeric structure of the 
carbon skeleton results in a decrease in elasticity. With low carboxy! content 
in the chain the elasticity should not differ appreciably from that obtained in 
the absence of methacrylic acid. It was shown in Part I that the addition of 
one carboxyl group to 30 carbon atoms increases the glass temperature by 
about 1°. 

The study of elastic properties of carboxylic copolymers on the pendulum 
of Schob and KS? shows that they have an advantage over the usual polymers 


TABLE IX 
MEcHANICAL Loss or SKS-30-1 Gum Compounpbs 
Property SKS-30-1 SKS-30A 
Modulus at 300% elongation, kg/cm? 34 13 


Heat formation by fre- 
quent compression, °C Under constant load, 
(28.1 kg/cm?) 
With constant deform- 
ation (40%) 
Heat formation on flex bending, +13% 


Mechanical loss in the rubber, constant load, K 


Mechanical loss in the rubbers, constant 
deflection, K 
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(Tables VI and VII). The better elasticity of the carboxylic rubber com- 
pounds seems to be identified with their higher modulus. This conclusion is 
confirmed by the known fact that an increase in the density of the network of 
the usual sulfur cured rubbers, together with an increase in modulus, results in 
an improvement in the indicators of elastic rebound. With an increase in 
temperature, the elastic rebound of carboxylic copolymer compounds passes 
through a maximum at approximately 70° (Figure 3). On further increase of 
temperature (to 100°), rebound of these rubbers decreases, which is probably 
due to the partial disturbance of the salt bonds and, consequently, to a decrease 
in the density of the network. 

Production of heat—By compression deformation under constant load 
(Table LX) the carboxylic rubbers are characterized by a considerably lower 
heat production and, accordingly, a lower mechanical loss. With compression 
at constant deformation, the carboxylic rubbers, which have a considerably 
higher modulus, do not differ appreciably from the usual rubbers in heat pro- 
duction. 

Heat aging.—The process of vulcanization of rubber with sulfur is character- 
ized by an optimum cure, most clearly demonstrated with natural rubber. 
After reaching this optimum there is a deterioration of the indicators of strength 
and a decrease in the relative and residual elongation. The fact that the prop- 
erties of rubbers become worse after passing the specified optimum vulcanization 
time is apparently due to the presence of oxygen in the system and to the pres- 
ence of free polysulfide sulfur which takes part both in the structure forming 
and the structure deterioration processes. 

Rubbers of carboxylic polymers which are vulcanized with metal oxides are 
quite different in this respect from the usual rubbers. Further increase of 
vulcanization time after having reached optimum cure has no appreciable 
effect on the principal mechanical properties (Figure 4). Correspondingly the 
rubber compounds of carboxylic polymers have good resistance to heat aging. 
Holding the rubbers at 100° for prolonged times (up to 20 days) does not 
change the properties appreciably. Figure 5 gives comparative data on the 
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Fic. 4.—Change in mechanical properties of black compounds (30 parts of channel black) of SKS-30-1 
with vulcanization time. Abscissa; Vulcanization time, minutes. Left ordinate; Stress, kg/cm*. Right 
ordinate; Relative elongation, %. ‘Top curve; Relative elongation. Bottom curve; Tensile strength. 
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Fig. 5.—Change in the mechanical properties of black compounds (30 parts of channel black) of 
SKS-30-1 with heat aging. Abscissa; Aging time, hours. Left ordinate; Stress, kg/ em?. Right ordinate; 


Relative elongation, %. 1—Tensile strength, kg/em?; 2 2—Relative elongation, %; 8—Modulus at 300%, 
kg/cm*. CK and CKC represent SK and SKS, respectively. 


changes in mechanical properties of black filled compounds of SKS-30-1 and 
SKS-30A after different periods of heat aging. 

Cut growth resistance.—In the study of compounds of carboxylic polymers 
it was noticed that they had very high cut growth resistance under static, and 
especially under dynamic conditions. Bending and stretching flexing on 
samples of the rubbers did not cause growth of punctures and cuts even after 
360 thousand cycles, while analogous samples of SKS-30 and SKS-30A were 


destroyed after 130-140 thousand deformation cycles. Tear resistance of 
carboxylic rubber compounds is approximately twice as great as for the usual 
rubbers. The high cut growth resistance of carboxylic rubbers appears to be 
connected with the strengthening effect of orientation on stretching. 
Scorching of rubber mixtures of carboxylic polymers.—The addition of metal 
oxides to carboxylic rubber mixtures causes the processing properties to become 


TABLE X 


CHANGE oF PLAsTiIciIry oF BLack MIxTURES ON ADDITION 
oF MAGNESIUM OXIDE 


Plasticity of mixture 





Before addition of After addition of 

Experiment no. magnesium oxide magnesium oxide 
1 0.48 0.41 
2 0.42 0.37 
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worse. This is due to the salt formation reaction which takes place partially 
in the milling process. As an illustration see the plasticity data before and 
after the addition of magnesium oxide (Table X). On further treatment of 
the mixtures containing metal oxides this reaction is intensified and there is 
noticed a decrease in plasticity and worse processability. At high temperatures 
(about 100°) the mixture again gains fluidity and processability because of de- 
struction of the crystallization network. This is most clearly noticed when zinc 
oxide is used as vulcanizing agent. On cooling, the network is formed again 
and the rubber loses its fluidity. Such behavior is in agreement with the 
above presentation concerning the crystallization structure of the vulcanization 
network. 
CONCLUSIONS 

The experimental evidence shows that the mechanical and elastic proper- 
ties of the carboxylic rubber compounds far exceed those of the synthetic rubber 
type compounds. 

Important qualities of gum and lightly filled carboxylic rubber compounds 
are: good mechanical and elastic properties, high cut growth resistance and 
good resistance to heat aging. 

The disadvantage is the tendency of the carboxylic rubber mixtures to 
scorch. 

Carboxylic rubbers are of considerable interest for the preparation of gen- 
eral and special purpose rubber compounds. 
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THE WANDERBILT LABORATORY 





...- Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 

of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 





Consider these Vanderbilt materials 
when you order SBR 


AGERITE* SUPERLITE . . . a good stabilizer 


in nonstaining, nondiscoloring grades 


AGERITE* SUPERFLEX . . . contributes 


quality to cold rubbers for tires and mechanicals 


THERMAX*. . . available now in cold SBR 
black masterbatch (150 THERMAX: 100 SBR) 
Check your SBR supplier for details 


*T.M. Reg., U. S. Patent Office 


R.T. VANDERBILT CO., INC. 


230 Park Avenue, New York 17, N.Y. 
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AROMEX ISAF 
AROMEX HAF 
AROMEX CF 
ARROW MPC 
WYEX EPC 
AROVEL FEF 
AROGEN GPF 
MODULEX HMF 
ESSEX SRF 





fo) 
RUBBER 
RE/NFORCING 
PIGMENTS 


THINK OF 
Wise Owls Read Huber Technical Data. 
| D) Bir Ask to be put on our mailing list. 


J. M. HUBER CORPORATION 


630 Third Avenue, New York 17, New York 
Carbon Blacks « Clays » Rubber Chemicals 





HAVE YOU 
SEEN 

HUBER NEWS? 
We will 

be pleased to 
send you 

a copy of our 
quarterly 
magazine. 









1 brother, 


that’s for me! 
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New AMERIPOL MICRO-BLACK banishes black mess, 
boosts mixer output 25% or more 


Why mess with handling, storage, weighing, milling and mixing of carbon 
black? You can eliminate all those operations, and thereby increase your 
mixer output 25% or more, with new Ameripol Micro-Black masterbatch in 
your recipe. Here’s why. 

Carbon black is already integral in the Micro-Black masterbatch. You not 
only cut out all those processing costs, but you get cleaner, faster production. 
Warehousing is simplified because you eliminate one raw material. Handling 
is also simplified because Micro-Black masterbatch is shipped bareback. 

You get superior carbon black dispersion and therefore greater abrasion re- 
sistance in your finished rubber products when you use Ameripol Micro-Black. 
For Goodrich-Gulf has achieved the ultimate in carbon dispersal with “high 
liquid shear agitation” at the latex stage. 

Interested? Write for new catalog and samples. Goodrich-Gulf Chemicals, 
Inc., 3121 Euclid Avenue, Cleveland 15, Ohio. 


> Goodrich-Gulf Chemicals, Inc. 
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Another new development using 


B.EGoodrich Chemical :~ #0: 


new standard series 


i ; ac 


4, & 
yuh 


div 


to obtain real processing 
oT aTo Mi colelaixelilelamelehZeliltele(-ts 
with significant physical improvements 





HERE ARE THE FACTS: 

@ This new series is a major improvement of nitrile rubber to 
materially aid fabrication, give superior end product 
properties. 

¢ combines a range of oil and water resistance superior to 
other nitrile rubbers. 

¢ improved tensile with higher elongation and lower moduli. 

« excellent solubility both milled and unmilled to give 
lower cement viscosities. 


e excellent aging and abrasion properties. 
e blends easily with GR-S and other rubbers. Car 
« blends easily to modify many resins. 


ag US Pe On 





Get samples or further information on these 


two new Hycar rubbers by writing Dept. HD-1, Rubber / Lon 


B.F.Goodrich Chemical Company, 3135 Euclid 
Avenue, Cleveland 15, Ohio. Cable address: B.RGcedsich Chemics! Compeny 
Goodchemco. In Canada: Kitchener, Ontario.  q division of The B.F.Goodrich Company 


.B EG P| ‘ h GEON polyviny! materiais « HYCAR rubber and tatex 
exeiaees ooaric GOOD-RITE chemicals and plasticizers * HARMON colors 
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... Get Hep to 


STABILITE 


ANTIOXIDANT 


* Manufactured by Chemico, Inc. 
Distributed by The C. P. Hall Co. 








AKRON, OHIO 

LOS ANGELES, CALIF. She C. P Hall G. 
CHICAGO, ILLINOIS CHEMICAL MANUFACTURERS 
NEWARK, N. J. 
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We produce some 40 different grades of - 
zinc oxide — each with different physical and * 
chemical properties. But while these grades differ 
from one to another, each specific grade is con- 


C0 N S [ ST F N T sistently uniform in its individual characteristics ; 
whether produced today, next month or next year. 

GRADE "AND ST. JOE'S UNIQUE METHOD OF is 

' 


HIGH-SPEED CONTINUOUS QUANTITATIVE 


UNIFORMITY pene nant 5 ee 


The tonnage production of zinc oxide 
could make the ordinary 6 to 8 hour routine oxide 
analysis by standard wet lab methods costly to i 
both producer and consumer. If metallic impuri- — 

ties are not eliminated immedictely, the 6 to 8 
i sv i r t ua I l y hour interim between oxide sampling and a com- 4 

plete analysis can easily result. in toms of off, - 
an exclusive standard oxide. 

Only by a continuous analytic method 
¢an operators determine the frequent furnace ad- 
justments necessary to minimize off-standard 
ZnO. To accomplish this, St. Joe uses a Baird- 
Atomic Direct Reading Spectrometer— ANALYSIS 3 
TIME HAS BEEN REDUCED TO LESS THAN 
MINUTES! 





a 
bie 





Characteristic 







of 


IDE Moana 


What Does This Mean To You? 


Once you have selected the. 
specific grade of St. Joe Zine Oxide 
that meets your requirements, you 
can set your processing — our oxide 
will not change. You will be using 
oxide with purity and uniformity fac- 
tors unequalled in the industry. 


Your Own Batch Analysis Is 
No Longer Required 





ST. JOSEPH LEAD COMPANY Serta ye. ° 
eaity> 250 Park Avenue Ba EE aoa 
New York 17, New York 
YOU CAN SET YOUR PROCESSING 


Yukon 6-7474 
Plant & Laboratory; Monaca (Josephtown), Pa. OUR OXIDE witt NOT CHANGE 
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RUBBER WORLD, THE TECH- 
NICAL JOURNAL OF THE 
RUBBER INDUSTRY, has ren- 
dered outstanding service to this 
industry for 69 years. As the in- 
dustry has grown, so has RUBBER 
WORLD. Knowing the rubber in- 
dustry is its business, and a pub- 
lication knowing the industry, sells 
the industry. 

Our editorial content is geared to 
give outstanding technical data, 
articles for the chemist and for tech- 
nical personnel. 


Keeping you abreast of the market 
is RUBBER WORLD’S business. 
FOR ADVERTISERS 


Largest Audited Circulation— 
reaching only those who deal in 
rubber and related industries. High 
industrial reader coverage. 

65% of RUBBER WORLD’S 
readers have direct influence in pur- 
chasing— When buying market, buy 





Or 





RUBBER WORLD, the technical 
journal of the rubber industry. 


read: 


RUBBER WORLD 
630 3RD AVE., N. Y. 17, N. Y. 
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SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


—_ 


Works at Bristol, Pa. 




















VULCANIZED VEGETABLE OILS 
e RUBBER SUBSTITUTES ° 





REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — 
Albertville (Ala.) — Greenville (S. C.) 
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SISSY 


‘SAVE 75% 


OF OPERATOR'S TIME 


ON YOUR 
J Ol Oh i ee ere) am. | = 


Lele], I=a4 
VISCOMETER 


with these 
Automatic Controls 


These automatic controls, 

when applied to your 

Mooney recorder, save ap- 

@ . proximately 75% of opera- 

Automatic shut-off tor’stime. The operating 
sequence is: 


on basis of 1. Load machine 
3 VISCOSITY RISE 2. Push START button. 


3. The automatic con- 
trols take over as fol- 


! Automatic shut-off lows: 


by TIME LAPSE et 


b) Recording com- 


mences and con- 
SELECTOR SWITCH FOR Guan: aa ae 
MANUAL OR AUTOMATIC cometer is shut off 
on basis of VIS- 
COSITY RISEand/ 
or TIME. 
c) Viscometer shut- 
off stops recorder. 


Applicable to YOUR Scott Mooney 


If your recorder does not have these controls, contact us 
for advice. (This automatic operation is in complete 
conformance with ASTM Methods D 927 and D 1077.) 


ih SCOTT TESTERS, Inc. 


102 Blackstone St., Providence, R.I. 
scort) . P P ? 
Ao Representatives in Foreign Countries 

E 








~ 


New Symbol of World-Standard Testing 
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SOUTHERN CLAYS, Inc. 
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You Can Count on Rapid Incorporation ... 
Improved Dispersion With... 


A Treated 


y4\, {oe 
o> q| >) = 


For Use in Rubber 


OTHER ADVANTAGES 
OF AZO ZZZ-55-TT 


Faster curing 
Safe processing 
Improved scorch resistance 


Lower acidity 


High apparent density ‘ 


Low moisture absorption 
High tensile strength 
Increased resistance to tear 


Increased resistance to aging 


NOTE: 


AZO rubber grade 

zinc oxides are also 
available as AZODOX 
(de-aerated). AZODOX 
has twice the 

apparent density, 

half the dry bulk. 


AZO ZZZ-55-TT is heat treated 
in a controlled atmosphere that 
removes objectionable trace 


» elements and enhances mixing 


and dispersion. In addition, it is 
treated chemically to improve 
mixing and dispersion properties 
to an even greater degree. 


AZO ZZZ-55-TT is a general 
purpose, smooth processing zinc 
oxide. We can highly recommend 
it to users who desire a treated 
zinc oxide. May we suggest that 
you try it in your most exacting 
recipes. Samples on request. 


inc sales company 


Distributors for AMERICAN ZINC, LEAD & SMELTING COMPANY 


COLUMBUS, OHIO « CHICAGO « ST.LOUIS « NEW YORK 
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The Wolds onty Wickly for 
RUBBER AND PLASTICS 


World wide news coverage provides international items of 

interest to readers in all parts of the world every week. 
A year’s subscription to Rubber Journal & International Plastics 

costs £2.158.0d or $7.70 including postage. Write for details to: 


Rubber Journal & International! Plastics 
Subscription Department, Maclaren House 

131 Great Suffolk Street 

London S E 1 

England 


75 th 


YEAR OF § 
PUBLICATION 











ADVERTISE m 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 
available locations may be obtained from 
George Hackim, Advertising Manager, c/o R 
C & T, General Tire & Rubber Company, 
Chemical Division, Akron 9, Ohio 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
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American Cyanamid Company, Organic Chemicals Division. .. . 

American Cyanamid Company, Rubber Chemicals Division. . . . 

American Zinc Sales Company 

Cabot, Godfrey L., Inc 
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Columbia-Southern Chemical Corporation 

Columbian Carbon Company (Opposite Table of Contents) 
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Enjay Company, Ine. . cee .(Opposite Inside ~~ 

General Tire & Rubber Company, The, Chemical Division . 

Goodrich, B. F., Chemical Company (Hycar) 

Goodrich-Gulf Chemicals, Ine.. sheet 
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Hall, C. P. Company, The 

Harwick Standard Chemical Company 

Huber, J. M., Corporation 22 
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On-the-job literature for Rubber Men 





ADHESIVES AGE 


A new magazine by the publishers of RUBBER AGE. 


As you are well aware, adhesives have become an increasingly important part 
of today’s rubber technology—speeding production, cutting costs, making 
new and improved products possible throughout the whole of industry. 
ADHESIVES AGE is the first magazine to provide urgently-needed informa- 
tion about the chemistry, manufacture, use and application of adhesives. 
News of new products, new techniques, new methods and new materials— 
that offer opportunities for growth, expansion, sales and profits. 

Now—in as much time as you want to spend with each issue, you can keep 
yourself expertly informed on the developments you are most interested in. 
For ADHESIVES AGE is factual, authoritative, thorough. You will find 
it easy to read, easy to use, interesting, practical . . . and filled with useful 
ideas you can put to work. 

You get a full year’s subscription (12 issues) of ADHESIVES AGE for 
only $5.00. 





The industry’s outstanding technical journal covering 
the manufacture of rubber and rubberlike plastics 
products. 


RUBBER a — en 
$5.00 $550  $ 6.00 


AGE 2 yours 7.50 8.50 9.50 


3 years 10.00 11.50 13.00 
Single copies (up to 3 months) 50¢ 
Single copies (over 3 months) 75¢ 





The “pharmacopeia” for rubber—providing all the rub- 
ber compounds published in technical journals and sup- 
pliers’ releases. Each compound on a separate card 


THE RUBBER with marginal indexes for various physical properties, 


type of hydrocarbon, etc. A simple mechanical system 
permits you to select compounds keyed to any prop- 


FORMULARY © ew. ted monthiy. 


The Rubber Formulary is available on annual subscrip- 
tion through RUBBER AGE at a cost of $95 per year. 
Back issues available. 


RUBBER Contains complete lists of rubber manufacturers and 


suppliers of materials and equipment, services, etc. 


RED BOOK Eleventh issue—1957-58 edition, $12.50* Postpaid. 
PALMERTON PUBLISHING CO., INC. 


101 West 3lst St., New York 1, N. Y. 
* Add 3% Sales Tax for copies to New York City addresses. 
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Dont get 
_ trapped... 


by inferior carbon blacks— 
depend on Witco for top performance 
blacks in your natural and synthetic 
rubber formulations. Highest manufacturing 
standards guarantee uniformity and economy... 
and Witco technical service is unsurpassed. 
You can’t buy better than Witco. 


Witco Chemical Company 


Continental Carbon Company ‘ 
122 East 42nd Street, New York 17, N. Y. S) 


Chicago - Boston - Akron + Atlanta - Houston + Los Angeles + San Francisco 
London and Manchester, England 











You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardiess of the quantity requirement . . . 
Here is dependable assurance of uniformity 
in any type compounding material for 
tubber and plastics to give certainty in 
product development and production runs. 
Our services are offered in co- 
operative research toward the 
application of any compounding 

material in our line to your 
production problems. 


DARD CHEMICAL Co. | 


7 HARWICK STA 


Offices: BOSTON » TRENTON e CHICAGO » LOS -ANGELES * DENVER 
ALBERTVILLE, ALABAMA « GREENVILLE, S. C. 








Pibide olate HORSE 
Pica ‘EAD 
aaa — LING 

with OXI DES 


rormuate FASTER! 


..+ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, pate poise and chemical ah as 

2. Its conventional types cover the range of American 


and French Process oxides. 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


rormucate BETTER! 


. +» Because you need to ise less when you 
choose from the wide variety of Horse Head Zinc Oxides. 
.-» Because the Horse Head brands can improve the 
Saf. Pye of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Producers of Horse Head Pigments 
. +» the most complete line of white pigments— 
Titonium Dioxides and Zine Oxides 


160 Front Street, New York 38, N. Y. 





